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ABSOLUTE COUNTING OF ?@Ru 


G. G. GEorGE, A. O. THOMAS and D. E. WAT 


Atomic Weapon Research Establishment, Aldermaston 
(Received 6 June 1961) 


Abstract—The absolute measurement of }°*Ru activities is complicated by adsorption in the source of 
the soft electrons associated with the decay. It is shown that }°*Ru in an equilibrium source of }°*Ru 

Rh can be measured to better than -+2 per cent by sandwiching normal 47-sources between known 
thicknesses of aluminium absorber and counting in a 47/-y coincidence counter. The method can be 
used for resolving the components of mixtures of }°*Ru and *°*Ru in fission products. 


103Ru decays to 1”"Rh with the emission of soft /-rays having 0-210 MeV and 0-119 


MeV endpoint energies. The 57 min *” 
ground state with the emission of a highly converted 0-040 MeV y-ray. 


Rh decays by isomeric transition to the 
) The decay 


scheme is shown in Fig. 1. 











Fic. 1.—(Ref. 1) 


There is frequently a need for the accurate measurement of 103Ru since it is pro- 
duced with a high yield in fission. Determination of this isotope by counting methods 


is complicated by absorption in the source of the soft electrons associated with the 


1) D. STROMINGER, J. M. HOLLANDER and G. T. SEABORG, Rev. Mod. Phys. 30, 2, Part II, (1958). 
1 
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his difficulty has been overcome in the past by counting the 498 keV y-ray. 
| however, is subject to a number of uncertainties, which include: (i) the 
‘me is known to an accuracy of only 3 per cent (ii) the interpretation of the 
ch involves correcting the counts in the 498 MeV photopeak for the 
‘om the 610 keV y-ray, (iii) the detection efficiency of the crystal for the 
s dependent on an extended interpolation, owing to the absence of a 
n source in the 500 keV region. These corrections introduce an over- 

nt in calculations of the absolute counting rate. 
integration rate of *’Ru by 47/ counting has been found 
s, often as high as 30 per cent, due to the serious ab- 
solid sources of soft /-emitters. This spread can be 
special source preparation techniques but the method is 


nent of the disintegration rate by 47/-y coincidence method 
encountered in 47/ counting and the 
this paper a 4z/-y coincidence counting 


nN wiiliAriain ; 1 “ri 
l cuu 110Tr1umM 1S described. 


ruthenium was used, which had an approximate 

vas purified by the method of Ayres and YOUNG", 

ywder was fused with potassium hydroxide and nitrate, 

racted with water. On reduction with methyl alcohol con- 

rate, ruthenium dioxide was formed and precipitated with mag- 

nd washed. A 2 per cent solution of periodic acid in 4 M nitric acid 

enium tetroxide extracted into carbon tetrachloride. After washing 

lic/nitric acid mixture and twice with water, the ruthenium was back 

hloric acid containing a little formic acid and sources prepared 

> of the ruthenium from the rhodium was taken as the separa- 
ses in the second acid wash. 


1 in the conventional manner on mounts usually used for 


7P-y coincidence counter method used for absolute standardi- 


ndent of the efficiency of either detector and is therefore independent 


') The correction required to determine the true disintegration 
, accidental coincidence rate, and dead time, are small 
y. In the case of *Ru however, it is also necessary to correct 
rate for the conversion electrons arising in the *”Rh decay. This 
llowing the growth of *”Rh in !Ru (freshly separated from !*Rh) 
if the separation time is known accurately. However a more convenient and rapid 
method is to count sources of *’Ru—'®”Rh in equilibrium using added aluminium 
absorbers to remove the *” Rh conversion electron contribution to the 47/-counter. 
G. H. Ay ind F. YounG, Analyt. Chem. 22, 1281 (1950). 
B 
p 





Absolute counting of ?°Ru 


The y-counters were set up to select the }°*Ru 0-498 MeV y-peak. Four groups of 
47 sources were prepared and each set covered respectively by 200 uzg/cm*, 1-5 mg/cm?, 
5-34 mg/cm? and 20-5 mg/cm* aluminium. The sources in each group were made of 
sufficient strength to ensure adequate count rates through the absorbers and were 
counted after the addition of each aluminium layer. In this manner, using these four 


7 
| \  — 


2-6 9-9-8 





Corrected count rate v absorption thickness. 

















y-Counts : 
- _ v absorber thickness. 
coincidence counts 


different groups of sources, an absorption curve from 0-75 mg/cm? aluminium was 


obtained as shown in Fig. 2. The ordinate axis is the corrected count rate given by 
N,N./N,., where N,,N, and N,., are the number of /-particles, y-rays and coinci- 
dences observed per minute per gramme of solution. Agreement between each group 
of sources was better than one per cent. 

The ratio of N,/N,,, (i.e. reciprocal of the efficiency for the 47 counter) is plotted 
against absorber thickness in Fig. 3. 
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In Fig. 2 the corrected count rate decreases as the *”Rh conversion electrons are 
progressively stopped. At 2-5 mg/cm* absorber the counting rate is constant and 
remains so until ~8 mg/cm? when an increase is observed. The rise in the corrected 
count rate is due to detection of the ®”Rh X-rays and the 0-711 MeV /-branch of the 
103Ru. At small absorber thickness this contribution is small compared with the *Ru 
count but becomes increasingly important as the /-count rate is reduced with in- 
creasing absorber thickness. After 30 mg/cm* aluminium absorber, the curve is 
meaningless as the N_/N,., ratio is >300, i.e. most of the **Ru f-particles have been 
absorbed. 


he disintegration rate N, for ‘Ru is given by the formula 
(E,N + E,N + E;N).E,N 
E,E\N 





efficiency of detection of Ru betas in 47 counter. 

efficiency of detection of }”” Rh electrons 

efficiency of detection of }”"Rh X-rays + 0-711 MeV ?”Ru f-rays in the 
47 counter. 

efficiency of detection of ?*Ru 0-498 MeV y-rays in the y-counter. 


/ 


10: 


Rh conversion electrons are stopped, this reduces to 


N..N a 
Ea? = N+ =. (3) 


N 2 

In Fig. 3 the reciprocal of the /-count efficiency is plotted on a log scale against the 
absorber thickness. The change of slope at 2-5 mg/cm? absorber indicates that most of 
the soft 119 keV /-spectrum has been absorbed out. The graph is then linear from 2-5 
to 25 mg/cm® aluminium and provides a measure of £,, Using the values of the 
corrected count-rates for different absorber thicknesses, values of E, and N were found 
aneous equations. For absorbers of 5 mg/cm? and 10 mg/cm? this gives an 
'3 Of 1-5 per cent. The values of N are plotted as crosses on Fig. 2 and in the 
15 mg/cm? aluminium, N = 1-09 + 0-01 x 10° disintegrations per min per g 

of solution. The values of N from 5 to 20 mg are given in Table 1. 


TABLE | 





Absorber thickness N *(disintegration rate of !°*Ru) 
(mg/cm?) Al 10° dpm/g 


1.09 
1:09 
1:07 
1-09 
1-03 
1-01 





n 1-09 + 0-01 10° dpm/gm where the error is the standard 
1ean and does not include the error (<2 per cent) due to the differing sensitivities of the 


r the main $-branch. 





Absolute counting of '*Ru 


As a check on the value of £;, a quantitative separation of }°”Rh froma solution of 
13Ru—'%"Rh in equilibrium was carried out. The decontamination factor was 10°. 
103™Rh sources made from this separation were covered with 5 mg/cm? absorber and 
counted in the 47 counter. The observed efficiency of the 47 counter for the 1”Rh 
X-rays was 0-35 per cent, implying a contribution of 1-2 per cent by the 0-71 MeV 
103Ru 6-branch which is reasonable. 

Equation (2) is valid for complex decay schemes if the efficiency of either the /- 
detector or the y-detector is the same for all branches. For the case of 47/ detector 
geometry, CAMPION™) has shown that, if there are two f-branches a and 4, such that 
a -+ b= 1, the f-counting efficiencies of these are E,, and E,,, respectively, and the 
y-counting efficiencies are respectively, E.,, and £.,, then 


En ME. — E.)\ 
D. Ba. 5 





For'®Rua = 90 per cent, b = 7 percent. With 5 mg/cm? absorber, assume E,,, = 79 
per cent, E,, 26 per cent, E.,, = 20 per cent and E,,, = 16 per cent then N,N,/N 
0-99 N i.e. a 1 per cent error. The worst possible case gives a 2 per cent error. 


Hence an error in the disintegration rate of at most 2 per cent can be expected. 


Conclusions and discussion 
The 47/-y coincidence counting through aluminium absorbers of 5 and 10 mg/cm? 
is the most direct and accurate of the various counting methods. The correction of 


~1-5 per cent for the 0-71 MeV /-branch and the X-ray sensitivity of the 47 counter is 


made by solving simultaneous equations for the two absorbers. The main error in the 


result arises from the differing sensitivity of the 47 counter for the main /-branches. 
This introduces a maximum error of 2 per cent. 

Similarly }*Ru—'*Rh can be accurately measured by the /-y-coincidence method 
when counted through a 5 mg/cm? aluminium absorber to remove the soft 39 KeV 
beta-particles. 

This work provides the basis of a method for assaying the components for mixtures 
of Ru and }Ru fission products. This is done by 

(a) calibrating an end-window gas-flow proportional-counter for 5 mg/cm? and 
100 mg/cm? aluminium absorber for the respective isotopes and resolving the unknown 
mixtures empirically, or 

(b) counting through a 5 mg/cm* aluminium absorber in the 47/-y coincidence 
counter at one month intervals and resolving the separate components for the /-, y- 
and coincidence counts by simultaneous equations before calculating the respective 


disintegration rates. 


Acknowledgements—Thanks are due to Dr. R. G. Monk for advice on chemical problems and to 
Dr. F. MorGAN and Dr. H. W. WILSON for constructive criticism. 
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HOT ATOM CHEMISTRY OF HALOGENS ACTIVATED 
IN s-DECAY—I 


THE CHEMICAL STATE OF I FROM *!Te-LABELLED 
DIBENZYL TELLURIDE 


A. HALPERN and R. SOCHACKA 
Department of Radiochemistry, Institute of Nuclear Research, 


Polish Academy of Sciences, Warsaw, Poland 
(Received 16 February 1961; in revised form 1 June 1961) 


Abstract—The present study concerns bond rupture in **'Te-labelled dibenzyl telluride as a result of 


j-decay. The percentage yields of '**I activity in benzyl iodide, methyl iodide, phenyl iodide, iodo- 
toluene and inorganic forms have been determined. It has been established that in 98 per cent of 
events the Te—C bond is ruptured. The influence of scavengers and the phase effect was also studied. 
rhe hypothesis is put forward that the *“*I atoms activated in /-decay do not undergo high-energy 


reactions. 


A CONSIDERABLE amount of experimental data have been accumulated during recent 
years in the field of hot atom chemistry, but most of it concerns the behaviour of atoms 
activated in thermal neutron capture or in isomeric transition processes. On the basis 
of these data".*) it has become clear that the high chemical reactivity of hot atoms 
depends mainly on two factors: 1. On the kinetic energy acquired by the atom as a 
result of the emission cf photons or particles, and (or) 2. on the acquisition of a positive 
electric charge by the recoiling atom. This charge may lead to reactions as a result of 
the energy liberated on neutralization or as a result of ion-molecule reactions. The 
explanation of the role of the recoil and of the charge in causing reactions is still one of 
the most important problems in hot atom chemistry. Up till now attempts have been 
made to solve this problem by comparison of the products resulting from the activation 
of the given element (for example, bromine) by the (”, y) reaction and by isomeric 
transition in a similar medium. In the number of cases the products of the neutron 
(3,4) But this result, unfor- 
tunately, does not decide the problem definitively, because atoms activated in the first 


capture and of isomeric transition were about the same. 


way might have an electric charge as a result of the internal conversion of photons, and 
at the same time, atoms from the isomeric transition might acquire some kinetic energy 
as a result of coulomb repulsion. On the other hand, in some cases there have been 
noticeable differences in the products of (m, y) and isomeric transition processes. 
Sometimes the products given by the recoiling atoms of much higher energy, which 
were produced by the (n, y), (d, p) or (y,m) reactions, have been examined. Retentions 


> 
( 


) J, E. WILLARD, Ann. Rev. Nucl. Sci. 3, 193 (1953) 
8 


E. WILLARD, Paper CENT/15 presented at the Symposium on the Chemical Effects of Nuclear Trans- 
formation, Prague, October, 1960. 
(3) J. F. Hornic and J. E. WILLARD, J. Amer. Chem. Soc. 75, 461 (1953). 
{4) G. Levey and J. E. WILLARD, J. Amer. Chem. Soc. 78, 2351 (1956). 
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these cases are often similar to these for (n, y) reaction,®-® but sometimes significant 
*s are found.’ 
light of this it seemed to be of interest to extend the range of investigations 
ake systematic studies of the chemical effects following /-decay in organic 
his case the recoil energy of the atom would be sufficient for the rupture of 
ie parent molecule, if the /-particles emitted do not have too high an 
‘the emission of strongly converted photons does not accompany the 
this point of view those pairs of radioactive isotopes in which the 
decay is a halogen atom (for example, *'Te—™"1, *Se—>*’Br, etc.) are not 
e of their nuclear properties. Nevertheless, they are interesting, since 
obtained can be directly compared with those of the well known investiga- 
m chemistry of the halogens in organic systems. 
> present investigation has been to study the chemical fate of a 
' 


‘ule which contains a !!Te atom and the chemical state of the 


'Te-labelled dibenzyl telluride. 


EXPERIMENTAI 


telluride The metallic tellurium (spectral purity) was 
f 


» thermal column of the reactor ““Ewa’’ at the Institute of 

or at the Zentralinstitut fiir Kernphysik in Dresden, and 

of dibenzyl telluride was made. The synthesis consisted 

. with sodium hydrosulphite in an alkaline solution, and 

le in aqueous-alcohol solution at 70°C. The time 

ver with the purification of the product, was not 

use of the short half-life of '**Te. All the | produced in 

f the synthesis remained in the solution, and the final 

ially contain any radioiodine. A precise description of the 
a separate publication 

unting procedure. The following procedure was 

‘l produced. Solid dibenzyl telluride kept under 

ution, were allowed to stand for some 10 hr or 

lution (in the case of solid substance, of course, 

otoluene and benzyl iodide. The solution was 

) separate the inorganic activity, and thereafter other 

ionating column at reduced pressure. The residue 

id inorganic solvents (CS,, CH;OH and HNQs). 

he last three fractions was added together and is 

al nature of these forms was studied in additional 

g with (a) addition products of d benzyl telluride with 

mpounds of iodine 

rried out with a glass thin-walled Geiger-Miller counter 

f liquid samples under conditions of constant geometry. 

rms, there always was a certain quantity of long living 

the neutron irradiation of the metallic tellurium. 

urements of the activity were repeated after 40 days 

ind the experimentally determined correction factors for 

* 40 days was used to correct these results. Values thus 

ilts of the first activity measurements. All measured 


for density by experimentally ned factors 


. 25, 1080 (1956). 
Soc. 79, 821 (1957) 


esearch, Warsaw, Report No. 149/XIII (1960). 
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The standard deviation of the activity was in all cases +4 per cent, but the precision with which the 
relevant products were determined was limited by the greater inaccuracy in the separations by 
distillation (+8 per cent). 


RESULTS 
Bond rupture experiments in the solid dibenzyl telluride and in its solutions. Table | 
gives results of the percentage yields of the individual forms from the solid 1!Te- 
labelled dibenzyl telluride and its solutions in benzene, carbon disulphide and carbon 


tetrachloride. The values, as in all cases, are averages of several experiments. 


TABLE 1.—YIELDS OF !*'[ FROM THE 1*!Te —!*![ DECAY ON DIBENZYL TELLURIDI 





Retention Methyl Phenyl : Uniden- 
: Iodotolu- Inorganic : 
(benzyl iodide iodide tified 
aE ene (°%) | forms (°) 
iodide) ( ee forms ( 


System in which 


'l was formed 


Solid 
? , 1-8 

(C,H;CH,),'**Te 

0:36 M solution of 

(C,H,CH.).!*!Te 

in C,H, 


0-59 M solution of 
(C,H,CH,),'"Te 
in CS, 


0-18 M solution of 
(C,H,CH,),!'Te 
in CCl, 


* i.e. probably addition products of dibenzyl telluride with iodine, mainly de and high-boiling 
organic compounds of iodide. 

t 3-4 per cent of the }*"I activity was found in the water in which dibenzyl telluride was kept. No 
Ith 


attempts were made to fractionate the forms of iodine existing in this water phase, although it was verified that 


no benzyl iodide is present. 


TABLE 2. 


THE PHASE EFFECT RATIOS 


Phase effect ratio 


Solvent 


The phase effect ratios were calculated from the values of the retention in solid 
dibenzyl telluride and in its solutions, and in Table 2 the values obtained are presented. 
Scavenger experiments. In order to examine the nature of the *'I atom reactions, 
scavenger techniques, which have given extensive information in the case of (n, y) 
reactions, has been used. Table 3 represents results obtained when allyl iodide was 
added to benzene solution of dibenzyl telluride, and Table 4 gives results concerning 


the effect of addition of elemental iodine as sca\ enger. 
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Te — '*'] DECAY ON DIBENZYL TELLURIDI 
IODIDE CONCENTRATION 


Phenyl lodotol- Inorganic Uniden- 


iodide uene forms tified 


‘pe (%) (%) forms (°) 


Te — }*1J DECAY ON DIBENZYL TELLURIDI 


MENTAL IODINE CONCENTRATION 


j 1 
Iodotol- 
uene 


( ) 


60-0 





Hot atom chemistry of halogens activated in /-decay—I 


DISCUSSION 
First of all attention may be paid to the factors which may lead to a high chemical 
reactivity of the “I atoms formed by /-decay of }*!Te. 
The value of the recoil energy following /-decay is given by the formula: 


1,02) eV, (1) 


where £, is the energy of /-particles emitted in MeV, and M is the mass of the 
recoiling atom in a.m.u. Not all this energy becomes available for the rupture of the 


I). 


bond, but only a certain part of it, given by the following formula“ 


R 
(2 


BR. , 
R+-M 


where R is the mass of the remainder of the molecule in a.m.u. Relation (2) was 
obtained for diatomic molecules only, but in our opinion it has a wider application. 

The /-particles emitted by *'Te have the maximum energies” 1-36 MeV (41-4 per 
cent), 1:68 MeV (16:2 per cent) and 2:15 MeV (42-3). There are no data on the 
distribution of the electron—neutrino angle in the *!Te —- "I transition, therefore the 
recoil energy spectrum cannot be calculated. When the simplifying supposition was 
made that the emission is isotropic, and when in the formula (1) the values of the 
average energies of /-particles“”’ were substituted, and finally, when the relationship 
(2) was taken into account, the following values of the effective recoil energy of the 
131] atoms were obtained: 1-89 eV (41-4 per cent), 2-64 eV (16-2 per cent) and 4-02 eV 
(42-3 per cent). The effective recoil energy as a result of y-emission is less (1-42 eV for 
the hardest photon of 0-773 MeV), and the outer-nuclear processes caused by an Auger 
effect are slight since the internal conversion is small. 

The second factor is connected with the change of the nuclear charge in //-decay. 
This process occurs very quickly in the atomic scale of time (““nonadiabatic”’ process), 
therefore the orbital electrons belonging to the nucleus with charge Z “suddenly” 
appear in the field of a Z + 1 nucleus. This causes a “‘shake-off’’ of the shells leading 
to excitation and ionization, especially in the outer shells.“*-13.9 The perturbation of 
the electronic cloud by the sudden change of the nuclear charge is probably the main 
reason of the excitation of molecules containing an atom suffering /-decay. 

Finally, the third factor which should be mentioned, is ionization resulting from 
the direct interaction between the outgoing /-particle and the orbital electrons of the 
disintegrating atom. However, this process is relatively improbable, and occurs only 
as a relativistic correction when the probability of ionization following /-decay is 
calculated.“”) On the other hand, there is some indication” that collisions between 
6-particles and orbital electrons may indirectly cause significant multiple ionization by 
inducing “‘vacancy cascades’. 

Let us now compare the values of the effective recoil energy, calculated above, with 

®) H. STEINDWELL and J. H. D. JENSEN, Z. Naturf. 2A, 125 (1947). 
10) A, BepesKu, O. M. KALINKINA, K. P. MirzorANov, A. A. SOROKIN, N. W. FORAFONTOV, W. S. SHPINEL, 
J. Exp. Theor. Phys. (U.S.S.R.) 40, 91 (1961). 
M. F. James, B. G. STEEL, J. S. Story, AERE M-640 (1960). 
) A, B. MIGDAL, J. Phys. U.S.S.R. 4, 449 (1941); E. L. Fersera, ibid. 4, 423 (1941). 
A. H. SNELL and F. PLEASONTON, J. Phys. Chem. 62, 1277 (1958). 


H. M. ScHwartz, J. Chem. Phys. 21, 45 (1953). 
A. WINTHER, Kel. Danske Videnskab. Selskab, Mat.-fys. Medd. 27, No. 2 (1952). 
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gy of a C-I bond (2:0-2°6 eV). First of all it should be borne in mind that we 
: assumed isotropic emission. But if there is a preferential tendency for beta and 
neutrino emission into the same hemisphere, there will be a tendency of the recoil 
energy spectrum to be peaked up towards higher energies.“ Consequently the 
‘‘forward”’ neutrino emission would increase quite markedly the proportion of atoms 
ive an effective recoil energy higher than the chemical bond energy. On the 
ind, some factors which would decrease the recoil should perhaps be taken into 
ration, For example, the motion of the atom in the molecule was disregarded, 
would seem that the recoil of the atom would be less if the direction of its 
1s the moment when emission takes place is contrary to the direction of the 
r electron 

ning that the calculated values of the effective recoil energy are correct in 
l| simplifying suppositions, we can see that the effective recoil energy and the 

chemical bond energy are of the same order of magnitude. 
[he first conclusion from the experimental results obtained concerns the problem 
‘the dibenzyl telluride molecule which contain the *'Te atom. Others 
1 the reactivity of the "I atoms liberated from the parent molecules as a result 


of the (Cs;H;CH,), *'Te molecule. We have just calculated that in only 

‘nt of events the value of the effective recoil energy is somewhat higher than 

ie chemical bond energy. This result indicates that the probability of bond rupture 
of recoil only should be much less than one. The retention* in the solid 


i 


dibenzy]l telluride is 1-8 per cent; it means that in at least 98-2 per cent of events the 


lre—C bond was ruptured as a result of f-decay of 'Te. This exceptionally large 
probability of the molecule disruption is an indication that the excitation of the electron 
shells and the charge of the atom are responsible for bond rupture. Moreover, even if 
the recoil is the main reason for bond rupture, all the kinetic energy would be lost in 
‘ocess and the *'I atom liberated from the parent molecule would not be a high- 
atom. Therefore, one should, a priori, expect thermal or epithermal reactions 
1an high-energy ones. 

nature of the reactivity of the liberated*"I atoms. If the atom liberated from the 
10lecule has a high kinetic energy, as in the case of (n, y) reaction, it usually 
covers quite a long track in the condensed system before being stabilized. Studying the 
chemical effects caused by such atoms it is useful to view the process rather from the 
point of the position of the recoiling atom in relation to the nest of radicals produced 
along its track, than from the energetic point of view." In the case of the atom 
which possess no abnormal kinetic energy after leaving the molecule, such as the #1] 
atom produced by /-decay of Te, approaching the reactions from the point of the 
place of their occurrence does not seem to be appropriate, since such an unenergetic 
n is not able to move essentially in the system, and is similar to an atom from 

reaction at the end of its track. 
It is known”? that effect of the allyl iodide added to the neutron irradiated organic 


s used for the ratio of "I atoms found in benzyl iodide to the total number of 
he total fraction of activated atoms entering all organic combinations, as is 
pers on hot atom chemistry. 
Tl. H. Davies, Nucleonics 2, 44 (1948). 
\. HALPERN and A. Srupa, Nukleonika 5, 635 (1960). 
L, R. R. WILLIAMS and H. M. SCHWARTZ, J. Amer. Chem. Soc. 72, 2813 (1950). 
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compounds of iodine is based on an exchange of the radioactive thermal iodine atoms 
with the inactive iodine atoms contained in the allyl iodine. The rate of this exchange 
is determined by a very small activation energy for the addition of an iodine atom to 
the double bond, which is the first stage of the process. In our experiments (Table 3) 
the addition of the allyl iodide caused: (a) binding of about 28 per cent of the *"I atoms, 
and also (b) the increase of the yield of inorganic forms from about 2 per cent to about 
17 per cent, (c) the decrease of the retention from 18-5 per cent to about 3 per cent, 
(d) the decrease of the yield of the unidentified forms from about 69 per cent to about 
48 per cent. In connexion with the first effect it seems clear that 28 per cent of the 
atoms are thermalized, therefore about 72 per cent of the reactions give “I atoms 
which never became thermalized before entering chemical combination. They are not, 
however, “‘hot”’ reactions in the sense of Libby’s elastic collisions, as we have argued 
above. But these reactions could be “epithermal’’, and perhaps their character is 
similar to the mechanism of the reactions of recoiling atoms from neutron capture 
after many of collisions, suggested by Libby and co-workers.“*:?® These authors have 
postulated that when the energy of the recoiling atom has been reduced to a value 
comparable with the chemical bond energy, an inelastic interaction of the atom with 
a molecule becomes possible. In the course of such interactions the whole molecule 
might be activated, since the kinetic energy of the atom is transferred to the vibrational 
and rotational energy states of the molecule. The dissociation of such an excited 
molecule is most likely and combination of the organic radicals with the de-energized 
atom would occur. 

The results relating to the influence of allyl iodide on the yield of the iododerivatives 
(Table 3) can be interpreted as follows. The thermal '*'I atoms were incorporated by 
isotopic exchange into the allyl iodide molecule before they could recombine to give 
benzyl iodide (the decrease of the retention by 15-8 per cent), enter into the addition 
products with dibenzy] telluride, or finally, before they produced high boiling organic 
iododerivates (the decrease of the yield of unidentified forms by 21-3 per cent). The 
increase of the yield of the inorganic forms (to 16-9 per cent) might be explained by the 
influence of the stable iodine atoms liberated from the allyliodide. Itis to be emphasized 
that the yield of the inorganic forms increased almost identically (to 16 per cent) if 
0-01 mole fraction of elemental iodine was added (Table 4). It is most likely that in 
both cases the stable iodine atoms, introduced into the system, have exhausted the 
ability of dibenzyl telluride to form the addition products and thus the likelihood of 
stabilizing of "I as ionic forms has been increased. 

The influence of the addition of small amounts of elemental iodine on the retention 
(Table 4) recalls the typical scavenger curve. However, effect observed probably is due 
to the side reactions of iodine with dibenzy]l telluride, as we indicated previously. This 


explanation is in agreement with our assumption that there are no high-energy reactions. 

The hypothesis is advanced above that the reactions of "I atoms produced by 
b-decay of “Te are epithermal. Alternatively these reactions can be explained as due 
to bond formation between "I atoms, which has just neutralized its positive charge, 
acquired from /-decay excitation, with fragments of the organic molecule which 
supplied the electrons for the neutralization and which was disintegrated or activated 
by the release of ionization energy. There is still insufficient experimental data to 


9) M.S. Fox and W. F. Lipsy, J. Chem. Phys. 20, 487 (1952). 
20) |. FRIEDMAN and W. F. Lipsy, J. Chem. Phys. 17, 647 (1949). 
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1 


develop these ideas, but ion-molecule reactions can be certainly expected to be very 
important in cases of /-decay, as shell excitation will usually be sufficiently prominent 


to cause extensive ionization and dissociation. 
From the results quoted above those concerning the retention seem to be 
while those related to the yields of inorganic and organic products are only 
native, since a significant part of the activity have remained in unidentified 
[hus further investigations of the nature of the ™I-atoms reactions are 


Experiments are being continued. 


tly indebted to Dr. I. G. CAMPBELL for his keen interest in this work 
We wish also to express our thanks to the personnel operating 
of Nuclear Research in Swierk near Warsaw, and the reactor at 
in Rossendorf near Dresden, for their cooperation in neutron 
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THE SZILARD-CHALMERS REACTION IN BROMOETHANE 


B. KNIGHT, G. E. MILLER and P. F. D. SHAW 


The Clarendon Laboratory, Oxford 
(Received 26 April 1961; in revised form 10 June 1961) 


Abstract—Analyses of the radioactive products resulting from the capture of thermal neutrons in 
bromoethane-bromine mixtures have been made by using gas chromatographic techniques. 

Most of the “high energy”’ products can be accounted for by reactions involving the radio-bromine 
atom and a single molecule of bromoethane to form a dibromoethane molecule or a dibromoethy] 
radical. The reactions of the latter indicate that there is a close correlation between the organic 
radicals and inorganic species present in the “‘thermal zone”. This is inconsistent with the initial 
formation of a large number of radicals. 


BROMINE in bromoethane will capture thermal neutrons and undergo an (n, y) reaction 
forming the radioactive isotopes °°"Br, ®°Br and “Br. Some of these radioactive 
species are found in organic combination following an irradiation and some as 
inorganic molecules Br, and HBr. This phenomenon, first observed by SZILARD 
and CHALMERS”? for iodine in ethyl iodide has been investigated by several workers. 
The general field was last reviewed by WILLARD“’. 

Most of the work on bromoethane has been directed to the study of the effect of 
adding other compounds before irradiation. Such compounds have been termed 
*““scavengers”’ on account of their supposed reaction with any radical species present. 
WILLARD et al.°»*) found that the addition of elementary bromine to pure bromoethane 
before irradiation caused a fall in the retention, or the amount of radio-bromine 
found in organic combination. This fall does not vary linearly with bromine concen- 
tration but is very steep from 0 to 0-1 m.f. (molar fraction) and much flatter above 
this value. 

This sharp change in slope has been attributed“ to the occurrence of two kinds 
of reaction: (a) those occurring in the “hot” region, the small “‘caged”’ area immedi- 
ately around the energetic bromine atom formed: and (b) those occurring after 
thermal equilibrium has been established between species whose concentration will 
be diffusion dependent and which are readily intercepted by even a small concen- 
tration of bromine molecules. 

MILMAN and SHAW” investigated the relative amounts of the various radio-bromo- 


organic compounds formed it e process, evidence fc e formation of which hz 
n ids formed in the pro lence for the formation of which had 


been obtained previously in other systems (see, for example references (6) and (7)). 
They were able to show that nearly all of the retention attributed to “diffusion 
dependent”’ reactions was present as “‘parent’’ bromoethane, and they suggested that 
this was most probably formed by the reaction between an ethyl radical and a bromine 


1) L. Szitarpb and T. A. CHALMERS, Nature, Lond. 134, 462 (1934). 

2) J. E. WILcarb, Ann. Rev. Nuclear Sci. 3, 193 (1953); Ann. Rev. Phys. Chem. 6, 141 (1955). 
S. GOLDHABER and J. E. WILLARD, J. Amer. Chem. Soc. 74, 318 (1952). 

») G. Levey and J. E. WILLARD, J. Amer. Chem. Soc. 74, 6161 (1952). 
M. MILMAN and P. F. D. SHaw, J. Chem. Soc. 1303 (1957). 
E, GLUCKAUF and J. Fay, J. Chem. Soc. 390 (1936). 

‘? F, §. ROWLAND and W. F. Lipsy, J. Chem. Phys. 21, 1495 (1953). 
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molecule containing the active atom. The analytical technique used did not enable 
an accurate estimate of the proportions of other radio-bromo-organic compounds to 


be made, but there was some indication that the more highly brominated compound 


tribromoethane was formed in greater proportion at high bromine concentration than 
at low. Subsequent work by Harris‘ has confirmed and extended these observations. 
[he present work gives a more detailed account of the variation in yield of the 


organic species produced and was undertaken because knowledge of this variation 


a fuller understanding of the reactions following neutron capture in 


EXPERIMENTAI 


ig Houses, Ltd) was purified by the method described in reference (5) 
further purification 

in quartz ampoules. These were then irradiated in a low 

nic pile B.E.P.O. at A.E.R.E., Harwell, providing a thermal 


it 25°¢ Irradiation was usually for three days 


as diluted with carbon tetrachloride to which elementary 
was used to determine the total organic retention by a 
ne was extracted from the remaining liquid with aqueous 
fraction were then analysed on a gas-liquid 


ry } 


rents and decay corrections only the activity due to 
t time being allowed before analysis to ensure the complete 
1 and hr respectively) 
as 2 m long, 0-6 cm internal diameter and packed 
uid 702. Nitrogen was used as eluent gas and both a thermal 
| held in front of the cooled NalI/TI crystal of a scintillation 
> gas outflow. The output signals from these 
de by side on a twin track recorder. When known carriers were added 


s. possible to make positive assignment of any peak. Quantitative 


ioactive compounds present was obtained from readings of a scaler 


paration of the lower boiling compounds whilst keeping diffusive 
ling compounds to a minimum, analyses were performed 

vas more convenient than use of a continually -varying tempera- 
litions) with the apparatus available. Overlapping peaks at the 
a) bromomethane and bromoethane (b) dibromomethane and 
‘each of these compounds relative to the total for the pair was 
yerature (75°C). It is for this reason that the scatter of the results 
5A) is surprising, for the scatter is not shown by the results for 


decay during elution (time for completion, about 30 min at 


ite of error has been shown in the results given below. Such error 
counting: this is 2 per cent (root mean square deviation) of the 
ine, the corresponding figure for less active compounds being from 
the points corresponded to r.m.s. deviations which were greater than 
t case (dibromomethane) the deviations observed were twice those 


Che limit of detection for a high boiling compound corre- 


uclear Transformations, Prague, 1960. 
78. 2908 (1956) 
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Investigation of the possible formation of radioactive bromoethylene 


For reasons which are explained later, an experiment was performed to test whether monobromo- 
ethylene was present when pure bromoethane was irradiated. The difficulties of experiments with 
no added scavenger have been detailed often'*.*.*’ so that special precautions were taken here. The 
bromoethane was purified by the method described by Levey and WILLARD.'*) Two methods were 
then applied to test the formation of bromoethylene: 

(i) 50 ml were irradiated using a 500 mC radium-beryllium neutron source and then a carrier 
fractionation performed as described by MILMAN and SHAw.‘*) Freshly synthesised bromoethylene 
was used as carrier, but no activity above background was detectable in this fraction. 

(ii) 1-5 ml was sealed, under 20 cm pressure of oxygen to reduce radiolytic damage,” and 
irradiated in the pile for 30 hr. This was then analysed in the usual way, except that activity due 
mainly to *°"Br was measured, at a column temperature of only 60°C. A small amount of inactive 
bromoethylene was added for identification, but no activity corresponding to this could be detected. 


r 





retention, 


Organ 








Overall organic retention in bromoethane as a function of molar fraction of bromine 


RESULTS 

The variation of overall organic retention with bromine concentration is given 
in Fig. 1. The values obtained here agree closely with those of MILMAN and SHAW”) 
which were obfained for °°” Br using a 500 mC Ra-—Be neutron source. This confirms 
the absence of any isotope effect and also is taken as evidence that no gross radiolytic 
damage has been produced in this work. 

As a further criterion for the absence of such damage in a sample, the results of 
analysis were compared with those of a single analysis of a sample (with 3 « 10° 
mole fraction bromine) placed in the thermal column of the pile (neutron flux: 
10" neutrons cm~ sec~') where the y-ray flux was of the order of 5 x 10'r/hr 
and the dose received by the sample about 3-10°r. This was considerably 
greater than the minimum dose (2°5 10*) found to cause radiolytic damage in 
similar systems."® The retention observed in the present case was about three times 
greater than that expected, and comparison of the products with those obtained 
normally (Table 1) showed that this was almost entirely due to the excessive formation 
of 1,2-di- and 1,1,2-tribromoethanes. The dose received by a ‘normal’ sample was 
not known with certainty, but was estimated to be less than 2 x 10*r. 

No further investigation of this effect was made, but it could be explained by the 
formation of monobromoethylene, which can exchange with radiobromine atoms,“ 
(10) J. C, W. Cuten and J. E. WiLLarp, J. Amer. Chem. Soc. 77, 3441 (1955). 

11) R. R. Witviams, W. H. HAMILL, H. A. SCHWARZ and E. J. BURELL, J. Amer. Chem. Soc. 74, 5737 (1952). 
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followed by addition of hydrogen bromide or bromine. The formation of 1,2-dibro- 
moethane rather than 1,1-dibromoethane is consistent with a radical mechanism for 
the hydrogen bromide addition which has also been noted in the irradiation of 
| ,.2-dibromoethane."? 

[he results of the analyses of unradiolysed samples are summarized in Fig. 2-5. 
[he retention of each compound is normalized (following HARRIS") by dividing by 
(1 — c) and plotted against the molar fraction of added bromine c. This method is 
chosen for convenience of presentation and must not be taken to exclude the possibility 
that the activated bromine atom can react with radicals other than those produced 


from the parent molecule. 


TABLE | (COMPARISON OF ANALYSES OF RADIOLYSED AND NORMAL SAMPLES 


Radiolysed Normal 


Overall retention of radiobromine 
Bromoethane 

Dibromomethane 
1,1-Dibromoethane 

1 ,2-Dibromoethane 
Tribromomethane 


Re. 


1,2-Tribromoethane 


DISCUSSION 


Retentions of two carbon atom compounds at c < 0-1 mole fraction. 


In this concentration region, radioactive species produced by diffusion controlled 
reactions are expected to show a sharp variation. Such variation is shown by bromo- 
ethane (Fig. 2) and, in agreement with earlier observations,® most of the reduction 
in overall retention (13-6 per cent up to c = 0-1) is due to a reduction of the retention 
of this compound (12:1 per cent). 

\ surprising feature is the sharp rise in the retention of the two tribromoethanes 
(Fig. 4). A similar effect has been observed by HoRNIG and WILLARD” for dibromo- 
dichloromethane produced by irradiation of bromine in carbon tetrachloride. 
HarRRIs‘®) also observed a rise in the retention of 1,1,2-tribromoethane as c was 
increased in bromoethane. The retentions found for 1,1,2-tribromoethane at c = 0 
and c = 0:1 mole fraction were 0+ 0-2 per cent and 3-0 -++ 0:3 per cent respectively, 
and this increase is almost exactly equalled by a fall in the retention of 1,2-dibromo- 

(2-9 + 0:3 per cent) (Fig. 3). A similar rise (0-9 + 0-1 percent) and fall 

0-1 percent) were observed for 1,1,1-tri- and 1,l-dibromoethanes. This 
strongly suggests that the mechanism for the formation of these pairs of compounds 
1S closely related. 

If tribromoethane is produced at the expense of dibromoethane and shows the 
sharp rise (within Ac = 0-04) expected for a diffusion controlled process, the mechanism 

M. MILMAN, P. F. D. SHAw and I. B. Simpson, J. Chem. Soc. 1311 (1957). 


W. E. Harris, Canad. J. Chem. 39, 121 (1961). 
1 J. E. Witcarpb, J. Amer. Chem. Soc. 75, 461 (1953). 
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Fic. 2.—Retention as bromoethane as a function of molar fraction of bromine(c): 


normalized by dividing by (1 — c) 
normalized by dividing by (1 c)/A c). 
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Fic. 3.—Normalized retention as a function of molar fraction of bromine: 
A—as 1,2-dibromoethane. 
B—as 1,1-dibromoethane. 
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etention as a function of molar fraction of bromine. 


4 is 1,1,2-tribromoethane. 
B—as 1,1,1-tribromoethane. 

















Z 0-4 
Molar fraction bromine 
Normalized retention as a function of molar fraction of bromine 


1 as tribromomethane. 


as dibromomethane. 
B as bromomethane. 
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must involve some radical or molecule which already contains the active atom. This 
could then react thermally either to gain a hydrogen atom (at c = 0), so forming 
dibromoethane, or to gain a bromine atom (at c > 0) to form tribromoethane. In the 
case of 1,2-di- and 1,1,2-tribromoethane there are two possibilities, one involving the 
intermediate formation of an active radical and the other of active bromoethylene. 
The possibility of formation of bromoethylene in radiolysis has been discussed above. 
This compound could also be formed directly in the recoil process and might be 
expected to add hydrogen bromide giving 1,2-dibromoethane at c = 0 or to add 
bromine giving 1,1,2-tribromoethane when c > 0. 

This mechanism, however, cannot be similarly applied to explain the formation 
of 1,1,1-tribromoethane. Moreover it seems probable that, at c = 0, some radioactive 
bromoethylene would survive until analysis which a careful search failed to reveal. 

An alternative explanation is that the radicals CH,-CBrBr* and CH.Br-CHBr* 
(or CH,Br*-CH Br) are produced in the high energy region. In the absence of bromine 
the gain of a hydrogen atom, by “diffusive’’ reaction with a hydrogen atom or molecule 
or a hydrogen bromide molecule, will lead to the formation of the two dibromoethanes ; 
with bromine present, gain of a bromine atom by reaction with a bromine molecule 
is more likely so that the tribromoethanes are formed. The production of these 
radicals is discussed further in consideration of the high bromine concentration region. 


Retentions of two carbon atom compounds at c > 0-1 mole fraction 

If there is an equal chance of an energetic active atom reacting with a bromoethane 
molecule to give an active organic bromide, or with a bromine molecule to give an 
inorganic molecule, the retention will be proportional to: 


A similar explanation has been given earlier® for the case of the recombination 
reactions occurring in a radical cluster: as will be shown such a picture is not entirely 
consistent with the present findings. The constancy of the normalized retentions as 
di- and tribromoethane over this concentration range which has also been found by 
HaArRIs‘*’, confirms this dependence. 

The retention of the parent bromoethane (Fig. 2) shows the expected sharp fall 
below c = 0-1, but thereafter there is no sharp change in slope as shown by the di- 
and tribromoethane fractions nor does the retention then follow a(1 — c) dependence, 
but it falls more rapidly than this, implying a more complex dependence on bromine 
concentration. 

One of the earliest hypotheses to explain the high retention as parent compound 
was that due to Lissy”®’. In this, the energetic radio-bromine atom is considered to 
make a “head-on”’ elastic collision with a bromine atom of a bromoethane molecule, 
so that the excess energy is imparted to the inactive atom causing rupture of the 
C—Br bond. Combination between the radical remaining and the active atom is 
then energetically possible. 

Lipsy further postulated that collisions between atoms of similar mass were the 
most important in the slowing down process. In the present case the active atom can 


5) W, F, Lipsy, J. Amer. Chem. Soc. 69, 2523 (1947). 
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make “‘head-on’’ collisions with bromine atoms in bromine molecules, at a concen- 
tration 2c, or with those in bromoethane molecules (concentration (1 — c)): the 
number of retentive collisions of this kind will then be proportional to 





The observed bromoethane retentions normalized by dividing by this factor are also 
shown in Fig. 2: their constancy may provide tentative confirmation of LiBBy’s ideas. 

The di- and tribromoethane fractions show the (1 — c) dependence expected at 
these concentrations. An attempt was made to see whether the relative amounts of 
di- and tribromoethanes conformed with a high radical density picture, in which a 
large concentration of atoms and molecular fragments is assumed to surround the 
de-energized radio-bromine atom, and random recombinations of the radicals and 
atoms occur as the temperature of the system is reduced. No choice of ‘‘molecular 
fragments”’ could be found which would yield the observed distribution of the di- and 
tribromoethanes without predicting also either the formation of active four carbon 
atom compounds in quantities which should have been detected in the present experi- 
ments, or a much larger relative yield of the more highly brominated products at high 
bromine concentrations than those observed. 

The absence of such effects implies that the reactions responsible for the formation 
of these compounds involve single molecules of bromoethane and the active atom. 
This is borne out by the fact that only the dibromoethanes or dibromoethyl radicals 
are produced directly, nearly all the tribromoethanes resulting from reactions of the 
latter with the bromine present. These reactions between bromoethane molecules 
and the active atom must be similar to the epithermal reactions postulated by Lippy“ 
to account for the replacement of hydrogen by bromine atoms. Since substitution and 


loss of a hydrogen atom seem to occur with the formation of a dibromoethyl radical 
such reactions are probably best regarded as being initiated by atoms of energy equal 
to | or 2 eV. This energy may then be imparted in an inelastic collision to the whole 
molecule to provide either a “‘caged”’ radical-atom cluster from which hydrogen atoms 
may escape, or, more simply, to provide an energized substituted molecule of bromo- 


ethane which might “shake off” a hydrogen atom. 

The tribromoethane retentions show a (1 — c) dependence from c = 0-1 toc = 03, 
but thereafter there is a tendency for the retentions to increase (Fig. 4). This might 
mean that loss of a hydrogen atom is more frequent than indicated by the low bromine 
concentration results, but that “‘cage’’ effects make recombination probable. At high 
bromine concentrations, where the cage may contain many bromine molecules, 
reaction of either the hydrogen atom or the dibromo-radical with one of these will 
then be possible and lead to an increased yield of tribromoethane. This explanation 
is consistent with the observed constancy of the normalized dibromoethane yields 
(Fig. 3). 

Retentions of one carbon atom compounds (Fig. 5) 
The small values of the retentions of these compounds and the scatter of the points 


make their interpretation uncertain. 
The sum of the normalized retentions (Fig. 6) is approximately constant; this 


16) |. FRIEDMAN and W. F. Lipsy, J. Chem. Phys. 17, 647 (1949). 





The Szilard—Chalmers reaction in bromoethane 


implies that the radiobromine is taken into organic combination in the “high energy 
region’’, and that the distribution between the three products occurs without loss of 
Br* to inorganic compounds. 

A “diffusive rise’’ is observed in the case of the tribromomethane fraction. This 
is dissimilar to that found in the case of tribromoethane since a small activity was 
found at c= 0. This suggests that three bromine atoms may be available for its 
formation, and implies that it is necessary for two molecules of bromoethane to be 
involved. By analogy with the two carbon atom compounds, a corresponding 
“diffusive fall’? might be expected in the retention of dibromomethane. Such a fall 
might be present, but cannot be clearly established owing to the scatter in the experi- 
mental points. 











Molar fraction bromine 


Fic. 6.—Sum of the normalized retentions as one carbon atom compounds 
as a function of molar fraction of bromine 


The slow rise in the tribromomethane fraction when c > 0-1 and the approximate 
constancy of the dibromomethane fraction seems to be similar to the behaviour found 
in the two carbon atom compounds. 

The bromomethane fraction shows a continuous fall as c increases. This suggests 
that it is formed by a radical mechanism in which bromine can intercept rather than 
by direct substitution. If a simple combination of the active atom with a methyl 
radical were responsible for its formation, the sum of the one carbon atom products 
would no longer show a (1 — c) dependence, and the processes occurring must there- 
fore be more complex, possibly, for example, formation of radioactive di- or tribromo- 
methane followed by abstraction of the active atom by a methyl radical. 

It seems certain that the formation of this group of compounds requires considerably 
more energy than that required for the substituted two carbon atom compounds, 
since besides having enough energy to break the C—C bond, neighbouring molecules 
are also dissociated. The apparent preference for the active atom to form di- and 
tribromomethane rather than monobromomethane might result if the primary event 
leading to the formation of these compounds were a head-on collision by the active 
atom with the bromine atom in a bromoethane molecule which caused the struck atom 
to move into the molecule. Considerable energy would then be imparted to the C—C 
bond owing to the “solvent cage’’, and substitution on the C, carbon atom might be 


preferred. 


The nature of the reactions in the thermal zone 


One of the limitations in the study of Szilard-Chalmers reactions is that the inter- 


actions following the capture of a neutron have to be surmised solely from the fate of 
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the radioactive atom. A consequence of this is that in any reaction involving the latter, 
often more can be deduced about the nature of the other reactant than about the form 
of combination of the active atom: thus by studying the products resulting from the 
reactions in the thermal] zone, it is possible to deduce the presence of ethyl radicals 
which react to form bromoethane by 


C,H, + Br* — C,H,Br* 


C.H,: + BrBr* —- C,H, Br* + Br: (2) 


[he production of active dibromoethyl radicals should therefore enable some 
deduction about the nature of the inorganic inactive species reacting in the thermal 
zone 

In the absence of bromine the dibromoethyl radicals react diffusively to form 
dibromoethane molecules, the total amount of tribromoethane produced being less 
than the lower limit for detection (0-20 per cent). This indicates that when active 
dibromoethyl radicals (R) are formed, reactions of the type: 


R: + H'— RH 
R: + HBr— RH + Br 
are much more predominant than the reactions: 
R° Br — RBr 5) 
R: + Br, — RBr + Br’;+ (6) 


thus, in this case, the inorganic species apparently available for diffusive reaction are 
H: or HBr rather than Br’ or Br,. Where the radioactive bromine is not already in 
organic combination, however, it seems to occur as Br or BrBr which reacts by (1) or 
(2) above, to give radiobromoethane. 

Thus there appears to be a specific correlation between the inorganic and organic 
species found in a given capture event. Such correlation implies the presence of few 
radicals and atoms in the thermal zone and is consistent with the relatively simple 
processes postulated above to account for the products formed in the “high energy” 
region. In particular, if each capture event resulted in the disruption of many molecules, 
the inorganic species present in the diffusive phase might be expected to be more 
uniform, so that reactions (3) and (4) would be concurrent with reactions (5) and (6). 

The present findings eliminate the difficulties found previously® in reconciling 
the scavenging effect of 1,2-dibromoethylene with a thermal recombination involving 


many radicals and atoms, and support the assumptions made by Roy, et a/.“” in their 


quantitative treatment of diffusive processes. 
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action R HBr —> RBr + H. has been neglected in this discussion since it is endothermic by 
ind is therefore less probable than reactions 


Roy, R. R. WiLviAMs and W. H. HAMILL, J. Amer. Chem. Soc. 76, 3274 (1954). 
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ABSORPTION SPECTRA AND CONFIGURATION OF 
THE AMMINE COMPLEXES OF COPPER (II) 


D. M. GRANT and R. KOLLRACK* 


Department of Chemistry, University of Utah 
(Received 23 January 1961; in revised form 17 April 1961) 


Abstract—The visible absorption spectra of copper and ammonia solutions were carefully analysed in 
order to extract the individual curves for each of the ammine-copper (II) complexes. The results of 
the corresponding ligand field calculations indicate that theobserved spectral maximum for Cu(NHs)2- 
(H,O),** is consistent with this ion’s being trans. The location of this peak is, however, also reasonable 
for a cis-configuration of the ion. Thus, by themselves, the spectral data do not decide in favor of 
either configuration, but the best estimate of this ion’s configuration seems still to agree with Mellor’s 
rule that cis-square-planar, unidentate complexes of copper (II) are extremely rare. In the case of 
Cu(NHs).(H;O)."* we probably have a trans-ion, as usual. 


UsinG ligand field theory BJERRUM et al.) discussed the structural features of the 
ammine complexes of copper (II) on the basis of their visible absorption spectra. 
They exhibited that the first four ammonia molecules enter the complex in the square 
planar positions with a fifth loosely taking a position along the tetragonal axis. 
Water molecules in each case were assumed to complete the co-ordination sphere to 
give an overall tetragonal bipyramid configuration. As an indication, however, of 
the relative instability of ligands bound along the tetragonal axis compared with 
those in the square planar base, the relatively small fifth formation constant is cited 
(see Table 1). This explains in part why copper (Il) complexes commonly are con- 
sidered to be square planar. 

The above workers also discussed possible cis—trans geometrical isomerism. On 
the basis of their calculations it was concluded that the cis-diammine isomer was more 
stable and therefore more predominant than the corresponding trans isomer. This 
conclusion makes the diammine—copper (IL) complex an exception to the rule proposed 
by MELLor™? that cis square planar unidentate complexes of copper (IL) are extremely 
rare. 

RESULTS 
Equation (1) expresses the chemical relationships existing between species. 
Ky EK,’ Ky K, K; 
Cu? Cu(NH,)? Cu(NH3);, Cu(NHs).” Cu(NH;),” Cu(NH;);?* (1) 


x J 


Kus 
i 


Cu(NH,)3; 


Assignment of the a or b diammine complex to either the cis or trans isomer is made 
so that K,,,, [Cu(NHs3)5," /[Cu(NHs)5,"], is equal to or less than unity. The additional 
waters of co-ordination as required for each species are assumed. 


* Present address: Frankfurt/Main, Humser str. 21, West Germany. 
() J, ByeRRuUM, C. J. BALLHAUSEN and C. K. JORGENSEN, Acta Chem. Scand. 8, 1275 (1954). 
(2) PD. P. MELLOoR, Chem. Rev. 33, 178 (1933). 
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By making the substitution: 
K, = K,(1+ Ky); Ks = Ks (1 + Ky), (2) 
the above condition can quantitatively be expressed by the BJERRUM formation 


function? as follows: 


S jK,Ky +++ K,(NHs) 


(NHs) (NH,) 


(Cujo 





> K,Kz°++ K(NHs) 


where (NH), and (Cu), are the initial ammonia and cupric concentrations respectively. 
It is easily shown that K, and Ky, the experimentally determined constants, relate the 
total diammine-—copper (II) concentration, cis plus trans, to those of the monoammine 
and triammine complexes respectively. The actual constants K,’ and K,’ can be 
alculated from K, and Kg if K,,, is obtainable, and will for all practical purposes 
K, and Ky respectively whenever K 1. This latter situation would exist if 
neric species was considerably more stable than the other. 

Equation (3) was solved numerically on the University’s Borrough’s 205 high- 


speed digital computer using the formation constants given in Table 1 with a Cu, 


TABLE | FORMATION CONSTANTS OF THE AMMINE 
COMPLEXES OF COPPER (II) 


10-* M and a (NH), concentration which varied between 
10-'M. Having calculated the free ammonia concentration in this 
r the corresponding concentrations of the remaining species are readily obtained. 
values are plotted in Fig. 1 as a function of the mole ratio (NH3))/Cuy. The 
total isomeric concentration of the two diammine complexes was plotted in accordance 

he above discussion. 
rhe spectra shown in Fig. 2b were obtained with a Beckmann DK-2 recording 
spectrophotometer on 2 10-* M cupric sulphate solutions at the various ammonia 
\trations indicated. The pH of the solutions was buffered at a low value with 

m sulphate (approximately 2 M). 
lhe reason for not assigning the absorption spectra at any particular ammonia— 
copper ratio to the corresponding complex having the same ligand—metal ratio is 
apparent from Fig. 1. In fact, at each integral ratio no less than three cupric species 
appreciable concentrations. The true absorptivity indices plotted vs. wave- 
length in Fig. 2a were obtained by solving the simultaneous equations represented by 
expression (4): 
As; = b > a,*c,;. (4) 
is the absorption at the wavelength / for the ith (NHg),/Cuy ratio; 5 is the cell 
Metal Ammine Formation in Aqueous Solutions, p. 21. P. Haase, Copenhagen (1941). 
Rev. 46, 381 (1950) 


immine Formation in Aqueous Solutions, p. 128. P. Haase, Copenhagen (1941). 
RYDBERG and W. F. MILLER, Acta Chem. Scand. 13, 2023 (1959). 
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thickness; a, is the absorptivity index for the Ath species at A; and c,; is the concen- 
tration of the Ath compound at the ith ratio. Table 2 summarizes the spectral maxima 
for each complex and compares these with those given by BJERRUM et al.™, 


TABLE 2 MAXIMA OF PRINCIPLE ABSORPTION PEAK FOR 
VARIOUS AMMINE COMPLEXES OF COPPER (II) 





Our values BJERRUM’S values 
Complex 
2 (mn) (cm~!) A (mp) 


Cu(H,O), 800 12,500 790 
Cu(H.O).(NH,)? 752 13,300 710 
Cu(H,O).(NH;) 678 14,750 680 
Cu(H,O)(NH,) 621 16,100 660 
Cu(NH,), 581 17,200 590 





rhe spectral maxima of BJERRUM are almost equal to those shown in Fig. 2b for the 


corresponding mole ratios. 


LIGAND FIELD CALCULATIONS 

Our calculations employ the weak field method developed by HARTMANN and 
coworkers.‘"-) Their formalism as taken in part from CONDON and SHORTLEY"”*), 
UFFoRD and SHoRTLEY” and especially from SLATER» is used. 

In a spherical field the nine outer electrons, 3d%, of the Cu(II) ions considered in 
this work give a °D ground term which splits into several terms under the influence 
of a ligand field. The spectra of the ammine complexes of copper (II) result from 
electron transfer within this split term system. 

Both the Cu(H,O),°* and Cu(NHs3),°* ions are members of the D, symmetry 
group. The influence of such a field splits the °D ground state into the following 
terms denoted by the irreducible representation to which they belong. 


*D — *A,, *B,, *Be, *E 
BeTHE”® has given the proper eigenfunctions for the above split-terms, from which 
their energy may be calculated. The energy differences between these terms and their 
spectral assignment are: 
¥, = AE /he = (E, — E,)/h (main peak) 
¥, = AE,/h (E, — E,)/he (first shoulder) 


Fe = AE, /h (E, — Es)/he (second shoulder) 


The energy values £,, E,, E, and E, which depend only on the total dipole moment 
of the ligand and the metal—ligand distance are obtained from integrals given by 


HARTMANN and ILseE'” 
Chem. 197, 239 (1951). 
turf. 6 a, 751 (1951). 
(1947) 
ISCHER-WASELS, Z. Phys. Chem. 4, 297 (1955). 
Kruse, Z. Phys. Chem. 5, 9 (1955). 
er Chem. Bindung. Springer Verlag, Berlin (1954) 
ORTLEY, The Theory of Atomic Spectra. Cambridge (1953). 
v. 42, 167 (1932). 
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The split terms found for the trans-Cu(NHs3).(H,O),”* ion of D, symmetry are: 
2D —> 2?A,, 2B, 2By, 2B; 


The eigenfunctions and corresponding energies have been calculated for each of these 
terms. Assuming that the dipole moments and bond distances remain constant in 
each copper complex the following results are obtained for the main peak: 


Vy AE, |he = (4hc)(EX"s — EN4s) (E#2° — EH20) (4)(G"s p20) (6) 


Fy = (4) 7RNs + pH) and Dg = (4)(GMs + FH), (7) 


These results are expressed in terms of the values given in equation (5), with the super- 
script, NH, or H,O, identifying the energies and wave numbers as belonging to 
either Cu(NH3),°* or Cu(H,O),”* respectively. On the basis of this theory the spectral 
peak of trans-Cu(NH3).(H,O),?* should fall exactly between that of Cu(H,O),?* and 
Cu(NHs),°*. Taking values for the tetra aquo and tetra ammine a spectral maxima 
of 14,850 cm~ is calculated for the trans-diammine-copper (II) ion. This value is in 
reasonable agreement with the experimental value of 14,750 cm“. 

As it was not possible to relate the spectral maxima for the cis-diammine copper (II) 
ion to those of Cu(H,O),?* and Cu(NHs),”* no attempt on this calculation was made. 
That the spectral maxima for the cis compound would also be close to the observed 
14,750 cm value is very possible as a spectral maxima of 14,900 cm~! is observed 
for the similar ethylenediamminediaquocopper (II) ion.” 

Although the above calculations were for a square planar configuration, the 
same results would be obtained for a tetragonal bipyramid model. Each AE value 
would be increased by a small amount due to the influence of the two water molecules 
lying on the tetragonal axis. 

To fit the experimental spectra for Cu(NH3),** and Cu(H,O),?* a dipole moment 
of 1-1 a.u (2:77 Debye) was used for both H,O and NH3. Copper-nitrogen and 
copper-oxygen distances of 3-21 a.u (1-7 A) and 3-48 a.u (1-85 A) respectively were 
used to give agreement. 


These values,” it is felt, are better than those used in the previous treatment.” 


SUMMARY 
It is suggested that the trans-diammine-copper (II) ion is more stable in aqueous 
trans 


>) 


solutions than the corresponding cis isomer for two reasons. First, as a rule 


square planar complexes of copper have been found in general to be more stable 
than the cis compounds. Secondly, the spectral maxima of the diammine complex 


are within experimental error of that predicted for the trans isomer in a calculation 
which only assumes that the ligand metal distances and the effective ligand dipole 
moment will remain essentially constant though independent of the values chosen for 
a given ligand in the Cu(H,O),**, Cu(NH3),(H,O),"* and Cu(NH3),** complex ions. 
On the other hand, only indirect evidence based on the spectrum of the somewhat 
similar ethylenediammine complex would suggest a greater stability for the cis- 
diammine—copper (I1) ion. 

{cknowledgements—We are indebted to the National Science Foundation for financial support of one 
of us (R. K.) under grant number G7301, and to Professor R. E. HAMM for encouragement and helpful 
conversation 
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ON THE STRUCTURE OF IODINE DIOXIDE FROM 
THE INFRA-RED SPECTRUM 


J. H. Wise* and H. H. HANNANT 


Department of Chemistry, Brown University 
Providence 12, R.I. 


(Received 5 June 1961) 


Abstract—The structure of I,0, was confirmed as 10* IO,~ from infra-red spectra of KBr pellets. 


Two absorption bands were observed; at 9-05 “, presumably from IO*, 


of I1O,-. 


and at 13-30 ™, characteristic 


THE structure of iodine dioxide has been reported" to be iodyl iodate, IO*IO,~, on the 


basis of magnetic susceptibility evidence. In an effort to confirm this structure, infra- 
red spectra were obtained in the 2-15 w region for pressed K Br pellets containing [,0,. 
By comparison with model compounds, the presence of 1O,~ was definitely indicated. 


A fairly intense absorption band at 9-05 ~ was presumably derived from the IO*. 


EXPERIMENTAI 


1,0, was prepared following the method of Muir’*’ with drying as proposed by BAHL and 


PARTINGTON Most favourable results were obtained when the heating to initiate the reaction was 

kept low (210° C in this experiment). Frequently, the product was noted to darken on grinding ow ing 

to a slow decomposition in the presence of sulphuric acid as reported by MuIR 
Samples of 1,0, were mixed with powdered KBr for pressing into pellets. For comparison 


drepared containing HIO;, NalO;, KIO;, Na.SO;, Na.SO,, K,SO,, and 


t 


purposes, KBr pellets were | 
CaSO,. All spectra were recorded on a Perkin-Elmer Infracord, Model 137. The observed bands are 
listed in Table 1 


TABLE | 


Sample Observed bands (7) 


1,0, 9-05 
1,0,8 8-60 9-05 

HIO, 

NalO 

KIO 

Na,SO 10-30 
Na,SO, 

K,SO, 

CaSO, 


+ Best preparation 
§ Before final washing 


* Permanent address: Department of Chemistry, Washington and Lee University, Lexington, Virginia. 
Biology Department, Southwest Texas State College, San Marcos, Texas. 


Present address 
Amer. Chem. Soc. 72, 5789 (1950). 


1) W. K. WILMARTH and S. S. DHARMATTI, J 

M. M. P. Muir, J. Chem. Soc. 95, 656 (1909). 
R. K. BAHL and J. R. PARTINGTON, J. Chem. Soc. 
3] 


1258 (1935). 
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DISCUSSION 
Of the two strong absorption bands found in purified I,0,, the band at 13-30 yu 


-d in wavelength and shape with a band characteristic of the iodate ion, IO, 


> j 
ICIGC< 


stoicheiometry, the band at 9-05 yw was identified with the iodyl ion, IO*. Before 
final purification, the 1,0, apparently contained a trace of sulphite ion in addition 


to other impurities. This observation may support the decomposition reaction in the 


presence of sulphuric acid as noted above. 


project was undertaken while one of the authors (H. H. H.) was a student in 
titute at Brown University under National Science Foundation support 





THE CHELATION OF BIS-SALICYLALDEHY DE- 
TRIETHYLENETETRAMINE WITH NICKEL 
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Abstract— Various anhydrous and hydrated modifications of the complex bis-salicylaldehyde-triethyl- 


enetetramine nickel have been prepared, all of which have been shown to be paramagnetic. The 


nfra-red spectra and crystallographic properties have been studied and the structural implications 


discussed 


rHeE ligand bis-salicylaldehyde-triethylenetetramine (1) has been shown to act as a 

sexadentate chelating agent in its complexes with Fe(III), Co(II) and Al(II]), but as 

a tetradentate chelate with Co(II) and Cu(Il).“ Nickel complexes are well known 
tT 


with both of the co-ordination numbers four and six, and it was thus of interest to 


investigate the nature of the complex formed between (I) and nickel. 


(I): 


HO 
EXPERIMENTAL DETAILS AND RESULTS 

|. Preparation. A concentrated solution of triethylenetetramine was added to a 
suspension of bis-salicylaldehyde nickel in water. The crystals obtained were recrystal- 
lized from 25 per cent methanol to form dark green prisms. (A) Analysis of the dehyd- 
rated crystals gave C, 58-8; H, 5-5; N, 13-6; Ni, 142%. CsagHoyN sO.Ni requires C, 
58:5; H, 6:1; N, 13-6; Ni, 142%. The water of hydration was slowly lost under 
even mild desiccating conditions, filter-paper dried crystals losing 20-5 + 0-5 per cent 
in weight, (c.f. 20:5 per cent for 6H,O per nickel atom), while the colour changed to 
yellow-brown. The hydrated crystals gave normal sharp reflexions when examined 
with X-rays, but these became steadily more diffuse as dehydration proceeded. The 
final material (B) still appeared superficially to be crystalline, but was in fact quite 
amorphous. 

Different crystalline modifications were obtained by recrystallization from a 
petroleum ether—-chloroform mixture. Brown crystals (C) resulted from the hot 
solution, which on exposure to dehydrating conditions (P,O; at 120° in vacuo) neither 
lost weight nor showed any change in diffraction pattern. They gave essentially the 
same analysis as the dehydrated form above, viz. C, 58-0; H,5-9; N, 13-9; Ni, 
143°. Crystals from a cold solution were also brown (D) but showed a different 
diffraction pattern, and on dehydration lost 15:5 + 0-5 per cent in weight, corre- 
sponding to four molecules of water per nickel atom. This dehydrate (£) was green in 


1) B. Das SARMA and J. C. BariLar, J. Amer. Chem. Soc. 77, 5476 (1955). 
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rapidly reverting to brown on exposure to the atmosphere; a single crystal 


hydration gave a powder type diffraction pattern. When any one of the above 


allized from aqueous methanol the original hexahydrate resulted. 
ting in an evacuated melting-point tube, the hydrates A and D melted at 


,>4 124 


Modification B formed a dark brown viscous tar between 110° and 130°, at 
colour lightened, between 250° and 260° it darkened again, and at 268° became 
ly less viscous and coalesced, with an appearance of melting. Modification C 
little change until it began to darken at 250°, became a tar above 260° and 
wed the same apparent melting at 266-267". Modification E£, originally green, 
brown between 145° and 150°, became green again at 170°, and then again 

urned brown between 255° and 265°, and apparently melted at 268”. 
2. Infra-red spectra. The infra-red spectra of modification A—C were studied over 
range 700-4000 cm™ using a recording spectrometer equipped with a sodium 
chloride prism. The samples were suspended as mulls in Nujol, after potassium 
bromide disks were found unsatisfactory due to their dehydrating action. (Compound 
B (anhydrous) gave the same spectrum either as a bromide disk or as a mull; com- 
pound A gave a different spectrum as a mull, but the same spectrum as B when 

incorporated in a bromide disk.) The main bands were as follows: 


respectively. The anhydrous forms underwent various changes 


4. —3330m, 1603m, 1490w, 1471w, 1309s, 1245w, 1225m, 1199s, 1155s, 1129s, 1091s, 
1036s, 1008, 979w, 966s, 943w, 917vs, 893s, 858m, 849m,7 98 w, 787, 763s, 730s. 


3310m, 2874s, 1639s, 1587m, 1524s, 1245w, 1188s, 1149s, 1129s, 11llw, 1089w, 
1057w. 1031m, 1016w, 969m, 942w, 911m, 890m, 852s, 808s, 726s, 685m. 


3268s. 2899s. 16345, 1595s. 1531s. 1466s. 1389s. 1348m, 1333s, 1290m, 1250m, 
1229m, 1220s, 1188vs, 1164m, 1147vs, 1131s, 111 1w, 1096m, 1072w, 1055w, 1034m, 
1022 w. 998s, 968vs, 960w, 934w, 910vs, 889s, 865m, 843vs, 795m, 784s, 762vs, 735vs. 


The spectra over the range 3000-3500 cm~ were also studied under greater dis- 
persion (using a lithium fluoride prism) for modifications A — D, and also for a 
sample of D which had been dehydrated and then exposed to the air. In every case a 
single band only was observed in the vicinity of 3300 cm, this being superposed on a 
stronger background in the cases of the hydrates A and D. 

3. Magnetic susceptibilities. The magnetic susceptibilities of all modifications 
{ —- E were measured at room temperature, using the Gouy method. Care was taken 
that the anhydrous forms were completely dehydrated and that they were protected 
from moisture during measurement. The effective moments are as follows, in each 

0-1 Bohr magnetons: A = 3-0, B = 3-0, C = 3-05, D = 3-0, E = 3-15 B.M. 

4. Crystallographic data. Crystals of modifications A, C and D were studied by 

means of rotation and Weissenberg photographs, using nickel filtered copper K, 
al data are as follows: 

etragonal, a = 19-23, c = 13:16 A; Volume of the unit cell = 4866 A; 

lecules per unit cell. Density (by flotation) = 1:38 gcm~™; Density (by 

assuming 6H,O) = 1-41 gcem-°; Diffraction symmetry = 4/m mm. 
spectra: AkO when h — k is odd, hO/ when / is odd, Ahi when / is odd. Space 


1?) 
( 


iniquely determined as P4/n cc. 





The chelation of bis-salicylaldehyde triethylenetetramine with nickel 


The low value for the experimental density is ascribed to dehydration by the ben- 
zene—carbon tetrachloride mixture used for flotation—the crystals were observed to 
change colour on prolonged standing. 

C. Monoclinic, a 11-81, 5 11-60, c 15-50 A, B 119-7°. Volume of the 
unit cell 1844 A*®; four molecules per unit cell; density (by flotation) 1-48 g 
cm’; density (by calculation) 1-48 gcm™*; absent spectra: Ak/ when k l is 
odd, A0/ when A is odd and when / is odd. Space Group: Aa or A2/a. A statistical 
test for centro-symmetry™ was equivocal. 

D. Monoclinic, a = 21-92, b 15-90, ¢ 15-90 A, B = 128-7°. Volume of the 
unit cell 325 A®; Eight molecules per unit cell. Density (by flotation) 1-45 g 
cm~*; Density (by calculation, assuming 4H,O) = 1-47 gcm™*; Absent spectra: hk/ 
when k lis odd, hO/ when h is odd and when / is odd. Space Group: Aa orA2/a. 

The general multiplicity of the space group P4/n c c is sixteen and thus the molecule 
of modification A must lie on one of the eight fold special positions (d), (e) or (f). 
The molecule must then possess the associated point group symmetry i.e. an inversion 
centre, (d), or a two-fold axis, (e) and(f). The inversion centre may be rejected as no 
conceivable model for the complex could show this symmetry. Of the two positions 
(e) and (f), simple packing considerations would suggset the latter as more probable. 
This was confirmed by measuring the intensities of the hkO and A0/ reflexions, and 
calculating the Patterson projections on (001) and (010). Dominant maxima were 
observed at u,v = 0°45, 0°45; 0, 0-45, and u,w = 0-45, 0; 0°45, 0-50; 0, 0°50. These 
are consistent with a heavy atom on position (f) with x = 0-225 with respect to the 
fourfold inversion axis, i.e. the nickel atom lies on the twofold axis, and the molecule 
as a whole must show this symmetry. 


DISCUSSION 

A magnetic moment of the order 2-9-3-2 B.M. for a nickel complex is characteristic 
of an octahedral configuration, but need not necessarily indicate this. Tetrahedral 
complexes often have a somewhat higher moment,“ but examples are known where 
the moment is of the above magnitude.’ Moreover it has been suggested that even a 
square planar complex can be paramagnetic if the ligand field is sufficiently strong.‘ 

The complexes formed between the ligand (I) and Co(II) and Cu(II) are tetra- 
dentate, the secondary amine groups not being coordinated.” Their infra-red spectra 
exhibit a single N—H stretching frequency at ca. 3200 cm, whereas the sexadentate 
complexes show five or six frequencies between 3100 and 3600 cm™. The spectra of 
the various modifications of the nickel complex show one absorption band in this 
region only, and it may be inferred that they are not more than tetradentate. The 


crystallographically required diad symmetry of modification A confirms this, as the 


only strain-free model for a sexadentate chelate possesses no molecular symmetry.) 


A tetrahedral configuration is similarly eliminated for A. 

The complex as a whole could still be effectively six-coordinate, either by the 
coordination of water molecules, or due to the close approach of atoms which formally 
belong to a different molecule. Only the latter would be possible for the anhydrous 
2) E. R. Howe ts, D. C. Puitiips and D. RoGers, Acta Cryst. 3, 210 (1950). 

International Tables for X-ray Crystallography, Vol. 1, p. 225. Kynoch Press, Birmingham (1952). 
4) N. S. Gitt and R. S. NyHowm, J. Chem. Soc. 3997 (1959). 


(9) L. M. VENANZI, J. Chem. Soc. 719 (1958). 
(6) C, J. BALLHAUSEN and A. D. Lieur, J. Amer. Chem. Soc. 81, 538 (1959). 
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nd it must be noted that two of these were produced by solid-state 


In particular the formation of B from A involves disruption of the parent 


completely amorphous product and it is unlikely that a system of 
bonds would survive such a process. The invariant paramagnetism 
reasonably explained by associating it with a single molecule and it 
nhydrous modifications must either be tetrahedral, or they must be of 
lare planar type. Both of these are somewhat unusual, and it is 
nue this investigation by means of X-ray structural studies. 

» express their gratitude to Dr A. D. CAMPBELL for the micro- 
idvice on the infra-red spectra, to Dr A. L. ODELL for the use of 
to Professor D. R. LLEWELLYN for his interest in this project and to 

University of New Zealand for financial assistance 
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METALLIC COMPLEXES OF DIMETHYL-3-METHYLTHIO- 
PROPYLARSINE 


B. CHISWELL and S. E. LIVINGSTON! 
Department of Inorganic ¢ hemistry, University of New South Wales, Broadway. 
Sydney, N.S.W., Australia 


(Received 8 May 1961) 


Abstract—The chelate group dimethyl-3-methylthiopropylarsine, MeS‘CH,CH»,CH,-AsMez,, has been 
synthesized. Crystalline complexes of this ligand with Cu(1), Pd(II), and Pt(II) were isolated. Unstable 
products were obtained with Co(II), Ni(II), Rh(IIL), Ir(11) and Au(1), but no complex formation was 
observed with Ag(1). 


THE complexes of dimethyl-o-methylthiophenylarsine(I)” with the transition elements, 


3) 


nickel and palladium," copper, silver and gold,“ 


cobalt, platinum,” rhodium and 
iridium‘ have been reported. This arsine can function as a chelate group in which a 


sulphur and an arsenic atom act as donors. We have now prepared an aliphatic 
arsine, dimethyl-3-methylthiopropylarsine(II), which can also function as a chelate 


CH,—SMe 
SMe 


CH, 

AsMe, ' 
CH,—AsMe, 

(1) (II) 


group with sulphur and arsenic as the donor atoms, in order to compare its metallic 
complexes with those of the aromatic arsine(I). 

The arsine(II) was prepared by treating 3-chloropropyldimethylarsine™ with 
sodium methylmercaptide in alcohol. It is a colourless liquid with a strong smell. 

Treatment of solutions of the complex halides K,[MX,] (M = Pd, Pt; X = Cl, 
Br, I) with the arsine(II) (As—S) yields the crystalline complexes M(As—S)X,, which 
are listed in Table 1. The palladium compounds can be recrystallized from aqueous 
alcohol and are poor conductors in nitrobenzene solution; the yellow iodo-complex 
of platinum is similar. On the other hand, the chloro- and bromo-complexes of 
platinum are insoluble in water and non-aqueous solvents; their insolubility and their 
colours suggest that they are most likely salts of the Magnus type—i.e. [Pt(As—S),] 
[PtX,]. Similar compounds were obtained with the aromatic arsine(I).’ Attempts to 
prepare complexes containing two molecules of arsine per metal atom, analogous to 
those formed by the arsine(I) with palladium™ and platinum, were unsuccessful. 

1) S. E. LivinGstone, Chem. & Industr. 143 (1957). 
*) S. E. Livincstone, J. Chem. Soc. 4222 (1958). 

. CHISWELL and S. E. LivinGstone, J. Chem. Soc. 2931 (1959). 

. CHIsweLt and S. E. LivinGcstone, J. Chem. Soc. 97 (1960) 

. CHISWELL and S. E. Livincstone, J. Chem. Soc. 1071 (1960). 

. CHISWELL and S. E. Livincstone, J. Chem. Soc. 3181 (1960) 


. A. BARCLAY & R. S. NyHow7m, Chem. & Industr. 378 (1953); S. E. Livincstone, J. Chem 
7 (1956). 
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The reaction of the arsine(II) with complex halides of quadrivalent platinum 
Cl, Br—does not yield complexes in which the ligand is co-ordinated 
Valent 
ning bivalent platinum in the cation and the halogenoplatinate(I[V) anion 
Similar behaviour with quadrivalent platinum was observed for the 


lent platinum, but partial reduction of platinum occurs to form compounds 


copper the arsine(II) forms complexes which are less stable than those with 


} and platinum. The arsine reacts with solutions of complex cuprous halides 


COMPLEXES OF PALLADIUM AND PLATINUM WITH DIMETHYL-3-METHYLTHIO- 
PROPYLARSINE 





, =e Molecular conductivity 
om Conca. (50° Be) in PhNO, at 25° (mho) 

S)Ccl Yellowish-brown 

S)Br Orange 

S)I Crimson 0-67 

S).][PtCl,] Pink Insoluble 

S).][PtBr,] Light-brown Insoluble 

S)I Yellow 0-72 

S).}[PtCl,] Yellowish-orange Insoluble 

S).][PtBr,] Brownish-orange Insoluble 





TABLE 2 COPPER COMPLEXES OF DIMETHYL-3-METHYLTHIOPROPYLARSINE 





Molecular conductivity 

Com 1 Concn. (10°? M ‘ . 
— — in PhNO, at 25°(mho) 

S).][CuCl,] 1-06 

S).][(CuBr,] 1-11 

S).}[(Cul,] 0-98 

S),]CIO. 1-00 





to form colourless complexes of general formula Cu(As—S)X (X Cl, Br, I). These 


complexes can be recrystallized from alcohol, but the crystals, on standing, decompose 


to oily mixtures possessing a strong odour of the arsine. Their conductivities in nitro- 
benzene solution indicate that their formula should be doubled: that is, they are salts 
containing the halogenocuprate(I) ion (see Table 2). Although no halides of the 
complex cation [Cu(As—S),]*, similar to those obtained with the aromatic arsine(I), 
could be prepared, the corresponding perchlorate was isolated. It behaves as a 
uni-univalent electrolyte in nitrobenzene. 

rhe arsine(II) yields with nickel halides green, with complex rhodium halides 
orange, and with complex aurous halides colourless, crystalline products which 
decompose on standing and were not characterized. Oils were obtained with anhyd- 
rous cobalt halides CoX,; the colours (when X = Cl, Br, green; X = I, purple) 
indicate that complex formation does take place, but no crystalline compounds could 
be isolated. In a similar manner complex halides of trivalent iridium yield orange oils. 
No reaction was observed with solutions of complex silver halides—K[AgX,]. 

It is apparent that the aliphatic arsine(II) co-ordinates less strongly than the 
aromatic arsine(I), which forms stable complexes with all the metals mentioned above. 





Metallic complexes of dimethyl-3-methylthiopropylarsine 


When acting as chelate groups the arsines(I) and (II) form five- and six-membered 
rings, respectively. It is difficult to say whether the stronger co-ordinating ability of 
the arsine(I) compared to (II) is due to the presence of the aromatic ring or the greater 
stability of the five-membered ring. TsCHUGAEFF‘* found that the aliphatic thioethers 
of general formula RS(CH,),SR gave nickel complexes when n = 2, but not when 
n = 3. This would indicate that the chelate ring is more stable when five-membered 


than when six-membered. The aromatic diarsine o-phenylenebisdimethylarsine(IIT) 


AsMe, Me SMe 
AsMe, RSCH,CH,SR SMe 


(IIT) ([V) (V) 


The effectiveness 


forms exceptionally stable complexes with many transition metals."? 

of this diarsine as a ligand is probably due, inter alia, to the enhanced effect of the 

aromatic ring on the degree of z-bonding between the arsenic and metal atoms. 
I 


However, the dithioethers, 1:2-dimethylthioethane (IV; R = Me) and 2:2-diethyl- 
thioethane (IV; R = Et) form more stable complexes with bivalent nickel than the 
aromatic dithioether, 4-methyldithioveratrole(V)."” These ligands (III, IV, and V) 
form five-membered chelate rings. 


EXPERIMENTAL 


Dimethyl-3-methylthiopropylarsine. Sodium (7 g) was dissolved in alcohol (150 ml) and the solu- 
tion was cooled to 0°C. Methyl mercaptan (26 g) was then added, followed by 3-chloropropyldi- 
methylarsine'”’ (40 g) during 10 min. Coal gas was passed through the reaction flask to prevent 
oxidation and the mixture was refluxed for 2 hr. The sodium chloride was filtered off and the alcohol 
was then removed by distillation at the water pump in a coal gas atmosphere. Distillation under 
reduced pressure (coal gas) yielded water white dimethyl-3-methylthiopropylarsine (28-3 g) b.p. 75 
78°C/8 mm; np 1:5302 (Found: C, 37-4; H, 7-9. Calc. for C;H,;SAs: C, 37-1; H, 7°8%). 

Dichlorodimethyl-3-methylthiopropylarsinepalladium(11). Dimethyl-3-methylthiopropylarsine (0-3 
g) in alcohol (20 ml) was added to potassium chloropalladate(II) (0-67 g) in water (30 ml). The 
yellowish-brown precipitate of the chloro-complex was filtered off, washed with water, and recrystal- 
lized from 50 per cent aqueous alcohol (yield 0-36 g). (Found: C, 19-2; H, 3-8; Cl, 19:3; Pd, 28-7. 
Calc. for C,H,;Cl,SAsPd: C, 19-4; H, 4-1; Cl, 19-1; Pd, 28-8 %). 

Dibromodimethyl-3-methylthiopropylarsinepalladiumU1). This compound was prepared from 
potassium bromopalladate(II) (0-86 g) in a similar manner to the chloro-complex. Yield of orange 
crystals, 0-41 g. (Found: C, 15-6; H, 3:2; Br, 34:8; Pd, 23-0. Calc. for C;H,;Br,SAsPd: C, 15-6; 
H, 3-3; Br, 34-8; Pd, 23-1°%). 

Di-iododimethyl-3-methylthiopropylarsinepalladiumUI1). Dimethyl-3-methylthiopropylarsine (0-3 g) 
in alcohol (10 ml) was added to potassium chloropalladate(II) (0-67 g) and potassium iodide (2 g) 
in water (30 ml). Concentration of the solution to 5 ml yielded crimson crystals of the iodo-complex 
(0-4 g). (Found: C, 12-7; H, 2:6; I, 45:5; Pd, 19-4. Calc. for C,H,;I,SAsPd: C, 13-0; H, 2-7; I, 
45-8; Pd, 19-3% 

Bisdimethyl-3-methylthiopropylarsinepalladiumU1) Chloroplatinate(II]). Dimethy]-3-methylthiopro- 
pylarsine (0-3 g) in alcohol (15 ml) was added to a solution of potassium chloroplatinate(II) (0-8 g) in 
water (40 ml). The pink precipitate of the complex was filtered off and washed with water and alcohol; 
yield, 0-8 g. (Found: C, 15-1; H, 3-1; Cl, 15-3; Pt, 42-5: Calc. for C,;,H 39Cl,S,As.Pt.: C, 15-6; 
H, 3°3; Ci, 15-4; Pt, 42:37) 

Bisdimethyl-3-methylthiopropylarsinepalladiumU1) Bromoplatinate(]). This compound was pre- 
pared in a smaller manner to the above from potassium bromoplatinate(II) (1-15 g); yield, 0-9 g 

L. TSCHUGAEFF, Ber. Dtsch. Chem. Ges. 41, 2222 (1908). 


R. S. NYHOLM and G. J. Sutton, J. Chem. Soc. 560 (1958) and references contained therein. 
» J. R. BAckHousE, M. E. Foss and R. S. NyHowtm, J. Chem. Soc. 1714 (1957). 
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H,,Br,S,As.Pt 


Dimethyl-3-methylthiopropylarsine (0-3 g) 
n chloroplatinate(II) (0-8 g) and potassium 
iw 


ashed with water 


rC,H,;1,SAsPt: ¢ 


Dimethyl-3-methylthiopro- 


(IV) (0-5 g) in 


nh acetone; 


H, 


wil 


yrOUsSs chlo- 
containing 
yl-3-methylthiopropy|- 
of the complex, 

rom alcohol: 


As.Cu Gz. 523: 
(1) Bromocuprate(1). This complex was prepared in a 
uprous bromide, potassium bromide, and 


19-0. Calc. for C,.H 3 Br.S,As.Cu,: Br, 


ypper(1) Iodocuprate(1). This complex was prepared in 
mplex: yield, 0-4 g. (Found: C, 18-8; H, 3:7: 1, 27:3; Cu, 16°6 


H, 3-9: I, 27°3; Cu, 16:5 %) 


ypper(1) Perchlorate Dimethyl-3-methylthiopropylarsine 
ition of copper(II) sulphate pentahydrate (0 g) in water 
(5 ml). The colourless precipitate of the complex 

hed wit n with alcohol; yield, 0-4 g. (Found: C, 26:7; 
O,CIS.As.Cu , 2e1: B45; Cu, 1i5 
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SODIUM BOROHYDRIDE-BORANE COMPLEX 


E. B. BAKER,* R. B. ELLIs and W. S. WiILcox 


Southern Research Institute, Birmingham, Alabama 


(Received 13 January 1961; in revised form 29 March 1961) 


Abstract—Existence of a complex compound between sodium borohydride and borane in ethylene 
glycol ether solutions has been demonstrated, the simplest formula being NaBH,-BH A solid 
product having approximately one mole of solvent per mole of complex has been also obtained 


Attempts to obtain the complex in the absence of a solvent failed, giving an indirect implication that 


solvent is bound into the complex 


rue formation of a compound between sodium borohydride and borane in diethylene 
glycol dimethyl ether has been reported by BROWN et a/.") In the course of some 
work on the preparation of diborane, we obtained the compound NaBH,-BH, or 
NaB,H,, in several ethylene glycol ethers. Our work confirms that of BROWN et al., 
and supplies a little more information about the character of the complex. 

he existence of the complex was first observed during experiments on generating 


diborane with glycol ether solutions of sodium borohydride and was confirmed by 


determinations of the solubility of diborane in such solutions. 


RESULTS AND DISCUSSION 

\. Generation of diborane by electrolysis 

Electrolysis of solutions of sodium borohydride in polyethylene glycol dimethyl 
ethers produces metallic sodium at the cathode and hydrogen and diborane at the 
anode. The electrolysis cell consisted of a mercury cathode and a rotating graphite 
anode in a closed glass vessel, which was swept with hydrogen. The diborane was 
collected in a cold trap and the amount produced was measured volumetrically in a 
gas burette. The quantity of electricity passed through the cell was determined with a 
copper coulometer. 

Upon operation of the electrolytic diborane generator, it was observed that 
roughly half of the total quantity of electricity required by the equation 


2NaBH, —> 2Na + B,H, + Hy 


passed through the electrolyte before an appreciable quantity of diborane was evolved. 
Further electrolysis yielded diborane in a ratio greater than one half mole per faraday 

Fig. | shows the course of diborane evolution in a typical experiment. The slope of 
the linear portion of the graph corresponds to a rate of diborane evolution that is 
140 per cent of the theoretical rate. Analysis of a sample of electrolyte taken from a 
cell before any diborane had evolved showed that all of the boron remained in the 
electrolyte but that sodium had been deposited in proportion to the number of faradays 
passed. 

Present address: Burroughs Corp., Paoli, Pa, U.S.A 
H. C. Brown, P. F. STEHLE and P. A. TieRNey, J. Amer. Chem. Soc. 79, 2020 (1957) 
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[hese observations have been interpreted as indicating that the borohydride ion 
was discharged at the anode as borane, BH3, which combined with the remaining 
dride ion to form the complex ion B,H;~. When half of the borohydride had 
xidized, the remaining BH,~ ions were all in the complex form. Subsequent 


ysis of the complex ions produced twice as much diborane as would come 
1 simple BH, ions. 





y 
60+ 


n Percent 


Collected 


Ba He 











50 80 
Percent of Total Charge Passed 


rolysis of sodium borohydride dissolved in tetraethylene glycol dimethyl ether. 


B. Solubility of diborane in sodium borohydride solutions 


The solubility of diborane in two solutions of sodium borohydride in diethylene 
glycol dimethyl ether (M2M) at 25°C is shown in Fig. 2. These data were obtained by 
analysing solutions saturated with diborane at the several pressures. The line for the 
solubility of diborane in the 7:55 per cent by weight NaBH, solution extrapolates to 
2:56 per cent by weight diborane at zero pressure. The mole ratio of diborane to 
borohydride present at zero pressure is 0°46. The solubility line for the 3-78 per cent 
by weight NaBH, solution extrapolated to 1:44 per cent by weight diborane, corre- 
sponding to a mole ratio of 0-52. It is seen from these ratios that one half a mole of 
diborane is associated with each mole of borohydride, corresponding to the formula 
NaBH, BHsg. 

The solubility of diborane in two solutions of sodium borohydride in mono- 
ethylene glycol dimethyl ether (M1M) at 30°C is shown in Fig. 3. These data were 
obtained by measuring the equilibrium pressure in a closed system containing known 
amounts of diborane and borohydride. In these cases the mole ratios of diborane 
to borohydride at zero pressure are 0-44 and 0-45, confirming the formula NaBH, BH, 


within the experimental error. 





Sodium borohydride—borane complex 
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Fic. 2.—Solubility of diborane in sodium borohydride solutions in diethylene glycol dimethyl] 
ether at 25°C. (1). 3-78 per cent by wt NaBH. (2). 7°55 per cent by wt NaBHy. 
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Fic. 3.—Solubility of diborane in sodium borohydride solutions in ethylene glycol dimethyl 
ether at 30°C. (1). 0-69 per cent by wt NaBH,, (2). 1:50 per cent by wt NaBH,. 


C. Association of solvent with the complex 
Numerous and varied attempts to obtain the complex in the absence of a solvent 
were made, all with negative results. Attempts to prepare the complex without a 


solvent included: 
(1) passing diborane through a bed of finely divided, dry sodium borohydride, 


(2) condensing liquid diborane in a trap containing dry sodium borohydride at 
112°C, 
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3) passing diborane over a bed of dry crystals of the sodium borohydride etherate, 
iBH,-M2M, 
(4) bubbling diborane through a suspension of sodium borohydride in a non- 
thyl ether or iso-octane, both with and without high speed stirring. 
retention of diborane. 
slvent-free complex was also approached from the direction 
nt from a solution of the complex. Vacuum distillation at room 
ted in decomposition of the complex. Evaporation of the solvent 
»f diborane over a solution of the complex in MIM resulted in 
dry-app olid, which was shown by analysis to have very nearly the composition 


NaBH,BH,°MIM. If evaporation was continued until less ether remained than the 


required for the monoetherate, analysis indicated that the B,H;~ ion had 
1. In another experiment, a solution of the complex in M2M was extracted 
nes with iso-octane. All of the M2M was removed, leaving a sticky solid 
‘2 mole of diborane per mole of borohydride, indicating extensive de- 


n of the complex. 


J j 
i the complex 


It has been observed that the NaBH,-BH, complex is more soluble than NaBH, 
in M2M. The NaBH, in a 5 per cent by weight solution in M2M was converted into 
the complex by saturating the solution with diborane. This solution gave no pre- 
cipitate at either —-100° or —78°C, at which temperatures the solubility of NaBH, 


is 0-5 and <0-1 per cent by weight respectively. 


CONCLUSIONS 

rhe solubility data prove the existence in solution of the borohydride-borane 
complex that was postulated to explain the electrolysis data. The failure to obtain 
the complex with less than one mole of solvent per mole of complex suggests that at 
least one molecule of ether is involved in the structure of the complex. However, 
no positive proof of this assumption has been obtained in this work. 

There is evidence that the complex is more soluble than the uncomplexed boro- 
hydride, but the limits of solubility have not been determined. 


rhis work was sponsored by the Callery Chemical Company under a contract 
the Bureau of Aeronautics, Department of the Navy. 
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CO-ORDINATION COMPOUNDS OF Ga(I)}—(II) 


M. BREWER*, J. R. CHADWICK* and G. GARTONT 
*Inorganic Chemistry Laboratory, University of Oxford 


Clarendon Laboratory, University of Oxford 
(Received 27 February 1961) 


Abstract—Co-ordination compounds of gallium (I) tetrachlorogallate, Ga[GaCl,], and gallium (1) 
tetrabromogallate, Ga[GaBr,], have been prepared with sulphur, selenium and arsenic donot ligands. 
Co-ordination compounds of gallium (1) chloride, GaCl, and gallium (1) bromide, GaBr, have been 
prepared with dioxan, morpholine and acetylacetone. Electrical conductivity and molecular weight 
measurements indicate that the two classes of complexes should be formul ated as GaL,* GaxX, and 
GaL,* X-, where L represents a monodentate ligand and X a halogen. 

I he crystal structure of Ga(diox),Cl has been examined by single crystal X-ray diffraction methods 
The orthorhombic unit cell has the space-group symmetry Pnma, and contains four formula units 
The arrangement of donor atoms around Ga* forms a distorted trigonal pyramid. 


StTuDy of co-ordination compounds of gallium (I) tetrachlorogallate and gallium (1) 
tetrabromogallate with O- and N-donors, reported in a previous communication," 
has shown that gallium (I) is capable of tetra-co-ordination. Complexes of Ga,Cl, 
and Ga,Br, with S-, Se- and As-donors have also been prepared and their properties 
are described below. 

Although gallium monohalides have been prepared,:*-#) no complexes of these 
are reported. Complexes of the monohalides, GaCl and GaBr, have now been 


prepared by disproportionation of the corresponding dihalides, Ga*GaCl,~ and 
Ga’ GaBr, 

Single crystals of Ga(diox),Cl have been prepared and the crystal structure of this 
compound has been studied by X-ray diffraction to determine the configuration of 


the Ga(diox),* cation. 


CO-ORDINATION COMPOUND OF GALLIUM MO NO- 
AND DI-HALIDES 
Experimental 

Gallium dihalides were prepared as previously reported. 

With the exception of the complexes of tris (o-diphenylarsinophenyl) arsine, which were prepared 
by mixing benzene solutions of the ligand and gallium dihalides,”’ the complexes were prepared by 
allowing ‘volatile ligands to diffuse into a benzene solution of gallium dihalide in a closed system. 
This method was suggested by the observation that gallium dihalides in benzene solution could be 
partially disproportionated by slow addition of dioxan to yield monohalide complexes. 

The glassware was dried at 200°C and kept in a vacuum desiccator until ready for use. The benzene 
solution of dihalide was pipetted into a nitrogen- filled test-tube and the volatile ligand was placed in an 
ignition tube which was suspended from the ground-glass stopper. The tube was firmly closed and left 
for several days at constant temperature (20°C), during which time the volatile ligand gradually 


diffused into the dihalide solution and precipitated the co-ordination compounds. 


S. M. Aur, F. M. Brewer, J. CHADWICK and G. GarRTON, J. Inorg. Nucl. Chem. 9, 124 (1959). 
2) E. GASTINGER, Angew. Chem. 67, 103 (1955). 

J. D. Consett and A. HERSHAFT, J. Amer. Chem. Soc. 80, 1530 (1958). 

J. D. Corpetr and R. K. MCMULLAN, J. Amer. Chem. Soc. 77, 4217 (1955). 
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Gallium and halogens were estimated by the methods already reported." 


1 to sulphate and weighed as BaSQ,. 


as precipitated from solution by treatment with cold concentrated HCI which had been 
r dioxide. The selenium was weighed as the grey form. 
measurement Measurements of electrical conductivity were made in 
in the concentration range 10~*-10~4 M, with platinized platinum electrodes 
r conductivities are recorded for a concentration of 10~* M in each case. 
tions. The determination of molecular weights were carried out by the 


ic method under an atmosphere of dry nitrogen. 


tained with different ligands 
van and morpholine. These ligands gave similar results with gallium dichloride 
dibromide. A white powder was formed in the body of the liquid in the tube. 
h was shown to be the gallium dihalide complex which had already been studied.” 
Around the liquid—vapour interface, however, was formed a ring of small colourless 
crystals, which were shown to be the gallous complexes (GaB,)*X~, where B is a 
bidentate ligand and X a halogen. 

b. Acetylacetone. With this ligand, the gallous tetrahalogallate complex which 
was initially precipitated, redissolved after excess ligand had been added and later 
colourless crystals of the monohalide complex were deposited from solution. 

The solution remaining after the monohalide complex had deposited was evapor- 
ated in vacuo and yielded crystals of gallium (III) chloride, confirming that dispro- 
portionation had in fact occurred. 

c. Sulphur, selenium and arsenic ligands. Methyl, ethyl, propyl and phenyl sul- 
phides, thiophen, dithiahexane, selenophane and tris (o-diphenylarsinophenyl) arsine 
were tried. No monohalide complexes were formed with these ligands under the 
conditions of the experiment, although the complexes of the dihalides were pre- 


cipitated as before. 


Prope rties of the comple xes 

All the complexes were colourless. Some of the complexes melted with decom- 
position; others gradually darkened over a wide temperature range when heated. 
No appreciable stabilization of the gallous ion was observed in any case; all the 
complexes were converted entirely into gallium (II1) compounds in aqueous solution 
with evolution of hydrogen and no sign of disproportionation to yield gallium metal. 

\ number of the dihalide complexes were soluble in bromoform, enabling cryo- 
scopic determinations of molecular weight to be performed. The apparent molecular 
weight of Ga(diox),Cl in dioxan was measured cryscopically. Four out of the six 
monohalide complexes and two of the dihalide complexes dissolved in nitrobenzene 
without reaction, enabling conductivity measurements to be obtained. The values 
obtained agree with the molar conductivities of the other gallium (1) halogallate 
complexes" and of other 1:1 electrolytes in nitrobenzene,®>® and are in accord with 
the ionic structure (GaB,)*X~. The decomposition points, molecular weights and 
conductivities are recorded in Table 2. 

THE CRYSTAL STRUCTURE OF GALLIUM (I) BISDIOXAN CHLORIDE 

Since Ga(diox),Cl is easily decomposed by air and moisture the crystals were 


mounted in sealed glass tubes. 


M. E. Foss and C. S. Gipson, J. Chem. Soc. 3063 (1949). 
A. KABESH and S. NyHotm, J. Chem. Soc. 38 (1951). 
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TABLE 1(a).—DIHALIDE COMPLEXES 





Gallium (%) Chlorine (%) Bromine ( Sulphur ( Selenium ( 
Compound 
[Theory Found Theory Found Theory Found Theory Found Theory Found 


Ga,Cl,(Me,S), 26°32 26°66 | 26:77 27-10 24-21 
Gr,Br,(Me,S), > 19-94 

Ga,Cl,(Et,S), 2 21-86 

Ga,.Br,(Et,S), 17°13 

Ga,Cl,(Pr.S), ; 18-75 

Ga,Br,(Pr,S), : 15-10 

Ga,Cl,(Thio),* 2 22°64 

Ga,Br,(Thio),* ‘ 17-62 

Ga,Cl,(Ph,S), 13-64 

Ga,Br,(Ph,S), 58 11-69 

Ga,Cl,( Ditn), * 26: 26°88 

Ga,Br,(Ditn), ‘82 20-09 

Ga,Cl,(TOA)* 10°96 11-11 

Ga,Br,(TOA) 9-62 9-60 

Ga,Cl,(Sepn),* 16°97 16°94 . ; 38°45 | 38-23 





* Thio thiophen, \ . J 
Ditn dithiahexane, CH,°S-CH,*CH,°S-CH;; 


As 
l.0.A. = Tris (o-diphenylarsinopheny]) arsine, 


Sepn = selenophane, | 


TABLE 1(b).—MONOHALIDE COMPLEXES 





Gallium (°%) Chlorine (°%) Bromine (°%) 


Compound Theory Found | Theory Found | Theory Found 


Ga(Diox),Cl* | 24-78 24-83 12-60 12-46 
Ga(Diox),Br 21-40 21-70 
Ga(Morp),Cl 24-95 24°36 12-69 12-65 
Ga(Morp),Br = 21-53 21-39 
Ga(Acac),Cl 22-83 23-10 11-61 11-77 
Ga(Acac),Br 19-93 20-03 





Tt Diox lioxan; Morp = morpholine; Acac = acetylacetone. 


Crystals of Ga(diox),Cl were obtained as colourless needles or flat rectangular 
plates. Under a polarizing microscope the crystals showed a marked tendency to 
multiple twinning. The needle axis coincided with a crystal axis, taken as c. It 
proved to be very difficult to mount the plates perpendicular to the length of the glass 
tubes. The structure was therefore elucidated from two projections only. 

Oscillation and Weissenberg photographs were taken about the needle axis and an 
axis perpendicular to this, with Ni filtered CuX, radiation. The unit cell was shown 
to be orthorhombic with a 13-50 A, b = 8-60 A and c=9-74A. The density 
of the crystals (p = 1-65 g/ml) was determined by flotation in a 1 :2-dibromoethane- 
benzene mixture. There were four molecules of Ga(diox),Cl per unit cell. From the 
systematic absences of reflections (Ok/ only observed when k /=2n; hkO only 
observed when / = 2n; no systematic absences observed for hk/) the possible space 
groups were limited to the centro-symmetric Pama and the non-centro-symmetric 
Pna2,. Tests for pyroelectric effects could not be performed because of the very 





ry 


SI 


R. CHADWICK and G. GARTON 


iezoelectric tests were inconclusive because there 


he centro-symmetric space group Puma was therefore 


reflexions were measured with a microdensitometer. 


ojected perpendicular to [001] showed large peaks 
| vectors, from which it was possible to determine 

these atoms. The Patterson synthesis projected 
large peaks corresponding to the Ga-Ga vectors but 
co-ordinates of the Ga positions agreed with those 


Ga z co-ordinate was obtained. The 
RTIES OF THE COMPLEXES 


Molecular weight Molar conductivity 
Theory ul at 10° M (mhos) 


f 


f the Cl was determined by projecting an electron density synthesis 


r to [010] with values of F,,,. (A0/) phased on the Ga positions alone. 


T] 


i 


was obtained corresponding to the Cl position, the x co-ordinate of 


the x co-ordinate of the Cl atom derived from the Patterson 


on perpendicular to [001]. 
ons of the light atoms were more difficult to determine. The temperature 


applied hese atoms were high, as was to be expected from the low 


‘f incorrect trial structures examined before finding one 

n to reasonably low disagreement factors. The final disagree- 

ol F..)..\/X)Fy,<.. Was 0°128 for the AkO zone and 0-155 for 
absorption errors in the measured intensities of the A0/ zone 
significant, due to the shape of the crystal. The exact positioning of 
was difficult, owing to their high thermal vibrations and the small 
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number of reflexions which could be measured; for this reason the accuracy of 
interatomic distances was considered to be lower than that often obtained for co- 
ordination compounds with less thermal vibration. However the structure was shown 
to be essentially correct by the low disagreement factors. The values of R for the two 
projections when only Ga and Cl were considered were both above 0-300. 

Fourier syntheses of electron density in the two projections are shown in Figs. | 
and 2. 


TABLE 3.—COMPARISON OF THE MODULI OF OBSERVED AND 
CALCULATED STRUCTURE FACTORS 





Reflexion Structure factors Reflexion Structure factors 
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iro tis 
SiTUCLUTE 


f Ga(diox),Cl is orthorhombic with space group symmetry Pama. 
‘the unit cell are a = 13-50 A, b = 8-60 A and c = 9-74A. There 


per unit cell. The atoms of one molecule are in the following 


he conditions relating to the spacegroup Puma; 


0-310 
0-215 
0-517 
0-268 
0-145 
0-145 
0-507 
0-507 
0-354 
0-354 
0-097 
0-097 
0-036 
0-036 


im, chlorine and two of the oxygens each lie in the fourfold special 
sitions (c) of the International Tables). The remaining atoms are in the 


] 
| 


} 
iCiadl 


DOSItIONS. 
ilues of Bin the thermal vibration correction applied to Foajc. 


exp BI 


sin i 


successive difference syntheses. The values found for the 


....o 
ere 


1 


Considered as a whole, the structure of gallous (bis-dioxan) chloride consists of 


parallel staggered chains of Ga(diox),* and Cl- ions. Adjacent layers are displaced 
relative to each other to bring about a more equal distribution of positive and negative 

arges. The Cl ions are surrounded by four complex cations in a plane, and each 
‘omplex cation has four chloride neighbours, one of which is much closer to the 


um atom than the other three. The chloride ion has three near neighbours, an 

33 A and two carbon atoms each at 3-48 A; its other near neighbours 

between 4-2 and 46 A. The comparatively large closest approach between 

and chlorine atoms (4:21 A) and their relative positions demonstrate that 
toms are not covalently bonded. 

e arrangement of oxygen atoms around Ga* is shown in Fig. 3(b). Three of the 


oxygens lie approximately in a plane with the gallium, while the fourth oxygen is 
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almost at right angles to this plane. The three oxygens are distorted about 43° from 
the plane. There are no appreciable differences between the four Ga-O distances 
which are 1-86 A. 
DISCUSSION 
The gallium (1) halide and gallium (I) tetrahalogallate complexes described above 


appear to be very similar to the gallium (I) tetrahalogallate complexes previously 




















Fic. 1.—Final Fourier synthesis projected perpendicular to [001]. (Contours at intervals of 
5 </A® up to 30 and at intervals of 10 thereafter). 


reported.” Both types of complex can be prepared by addition of the ligand to 
benzene solutions of gallium dihalides. The major product is always a gallium (I) 
tetrahalogallate complex and it is only by very slow addition of the ligand in the 
manner described above that any monohalide complex is formed in detectable amounts. 


The physical measurements recorded above are in accord with the structures 
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and GaL,*GaX,-. This work establishes the fact that the complex cation 
common to all types of lower-valent gallium co-ordination compounds 
ve been discovered to date. 


hoped that the tetradentate arsenic ligand tris (o-diphenylarsino- 


light produce a stabilization of Ga* comparable with that 











Final Fourier synthesis projected perpendicular to [010]. (Contours at intervals 
. A“ up to 30 and at intervals of 10 thereafter. 


nd (b).—Possible arrangements of ligand atoms around the gallium. 


produced by 2:2’:2"-trimethoxy-triethylamine. No such stabilization was observed; 
all the complexes reported above were very readily oxidized by moisture and atmos- 
pheric oxygen. 

The elucidation of the crystal structure of Ga(diox),Cl has revealed an interesting 


stereochemical arrangement of donor atoms around Ga*. In a paper published by 
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the authors” before any X-ray crystallographic work had been started it was suggested 


by analogy w ith the known structure of PbO and SnO that the most likely arrangement 
would be based on a trigonal bipyramid, arising from sp*d hybridization, with an 


unshared Legge of electrons pri ive one of the orbitals. Since stable ew 


trimethoxy- sciethoyvinmine, the first of w hich waa force a square mans and the 
second a trigonal pyramidal arrangement, it was further suggested that the unshared 
pair might occupy either an axial or an equatorial position in the trigonal bipyramid. 

This approach was criticized by DYATKINA‘ 


who, on theoretical grounds, prefers 
to regard the unshared pair as occupying the stereochemical inert 4s-orbital. DYATKINA 
proposes that it is sufficient to assume p*d hybridization for tetra-co-ordinated Ga(I) 
and that arrangements of different symmetries are possible according to the d-orbital 
involved in hybridization. She concludes that the square pyramidal configuration is 
the most probable since it leads to the greatest bond strength but that the actual 
configuration must be determined by the relative importance of bond energy and 
steric strain. 

The stereochemical arrangement found in Ga(diox),Cl certainly does not resemble 
the square pyramid (see Fig. 3(a)) which both the authors and DyYATKINA, though 
starting from different premises, agree would be the most probable. Consideration 
of molecular models suggests that there would be considerable steric strain if the 
oxygens occupied the base corners of a tetragonal pyramid with Ga(I) at the apex 
unless the Ga-O distances were so great as to exclude any appreciable bonding. 

The arrangement of oxygen atoms in this complex most nearly approximates to 
a distorted trigonal pyramid with Ga* in the centre of the base. KIMBALL predicted 
that p*d hybridization should lead to an irregular tetrahedral arrangement with Cs, 
symmetry which may be further distorted to a trigonal pyramid according to 
DYATKINA. 

DyYATKINA has calculated the relative overall bond strengths for the different types 
of arrangement resulting from p*d hybridization, which include 2-108 for the square 
pyramid and 0-914 for the trigonal pyramid. 

The bonding between Ga(I) and donor atoms is very weak in this complex as 
shown by the ease with which it is thermally decomposed and oxidized. In this 
particular case a low bond energy may be the result of the particular combination of 
pd orbitals giving rise to the distorted trigonal pyramid which Dyatkina shows to 
have less than half the strength of the bond formed in the square pyramid configuration. 

The instability of the complex can also be explained in terms of sp*d hybridization 
with the unshared pair occupying one of the axial positions, since this would lead to 
greater electrostatic repulsion energy than if the unshared pair occupied an equatorial 
position. The distortion of the three equatorial oxygens out of the plane with the 
gallium (43°) is in the direction predicted from consideration of ligand repulsion by 
the axial lone pair. 

The Ga-O distance is 1-86 A. Taking the tetrahedral radius of oxygen as 0°66 A, 
the covalent radius of Ga(I) is seen to be 1-20 A. The normal covalent radius of 
gallium in gallic compounds is about 1-2 A.'®) The closest approach of gallium atom 


7M. E. DyaTKINA, Russ. J. Inorg. Chem. (English translation) 1309 (1959). 
8) G. E. KIMBALL, J. Chem. Phys. 8, 188 (1940). 
(9) A, F. WELLS, Structural Inorganic Chemistry Clarendon Press, Oxford (1950). 
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g a covalent radius of 1-22 A. The only Ga(l) com- 
nic distances are known are GaCl, GaBr and Gal: these 
2:35 and 2-57 A respectively.“ Taking the covalent radii of 


line as 0-99, 1-11 and 1-28 A respectively, it is seen that the 

»f Ga(I) in these compounds is of the order 1-2-1-3 A. The observed 

‘ gallium in the monochloride-dioxan complex is thus compatible 
urements. 

L. M. VENANZI for a gift of tris (o-diphenylarsino- 

f an X-ray camera and other equipment and 


yr and Fourier synthesis computer programmes. 


icture fact 
hemical Industries Limited for a grant to buy gallium metal. 
nent of Scientific and Industrial Research for a Studentship 


ympleted 
I 


Rev. 109, 1572 (1958). 
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THE INTERACTION OF CERTAIN CHLORO COMPOUNDS 
OF THE ELEMENTS OF GROUP IV WITH TERTIARY 
AMINES 


I. R. BEATTIE and G. J. LEIGH 


Department of Chemistry, King’s College, London 
(Received 3 March 1961; in revised form 31 May 1961) 


Abstract—The interaction of pyridine and trimethylamine with the tetrahalides of silicon, germanium 
and titanium, and with chloromethylsilanes has been studied. It has also been shown that silicon 


tetrachloride forms a 1:1 adduct with 2,2’-bipyridyl but that no stable complex is formed with 

trachloride and germanium 
tetrachlorides, while the addition compound py,-TiCl, is stable only in the absence of excess pyridine. 
The vapour-pressure of py."SiCl, has been measured at various temperatures, and it has been shown 


that this complex is fully dissociated in the gas phase and in solution in nitrobenzene. 


ALTHOUGH there is a considerable literature on the addition products formed between 
compounds of the elements of Group IV and electron donor molecules, much of the 
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Mole ratio donor :Accef 


Fic. 1.—The vapour-pressures of mixtures of the tetrachlorides of silicon and germanium with 
pyridine and of silicon tetrachloride with 2, 2”-dipyridy]l. 


SiCl,/py (24°) GeCl,/py (21°) SiCl,/2, 2’-dipyridyl (14°) 
reported work is suspect due to the presence of water or other impurities in the 
reactants orsolvents. We have investigated the interaction of certain chloro compounds 
with tertiary amines. The results of this study are summarized in Table 1 and some 
of the vapour-pressure composition curves are shown in Fig. 1. Table 1 also includes 
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| by previous workers for certain of these systems. The 


»XCl, (py = pyridine) complexes were above 200 
he germanium and silicon compounds occurred, 

he case of py,"TiCl, was extensive at 200 

nteresting factors arises from Table 1. The only addition com- 


ble in organic solvents is that formed 


ide which is solu 


ylenediamine. This is undoubtedly chelate and appears 

> corresponding 2, 2’-bipyridyl complex. The stability of 
unknown (NMes).,"SiCl,, does not indicate that the N, 
ylenediamine complex should have a lower stability than the 2, 
1, as the steric requirements of trimethylamine and N, 


lenediamine are quite different. The appearance of a 1:1 compound 


rachloride and trimethylamine has been suggested to be due to 


However, in view of the steric requirement of trimethylamine a 


co-ordinate complex is at least as probable. Similarly, FOwWLEs et a/.“® have 
gested that (NMe,)."VCl, is an example of penta-co-ordination about vanadium. 
2,2’, 2"-terpyridyl do not form a stable 

dduct is surprising. Formation of a complex would presumably require the ionization 
f one chlorine atom to yield [Si(2, 2’, 2”-terpyridyl)Cl,]*Cl-. The formation of 


juite well established. Thus, AyLett et a/.“” formulate the 1:1 


[he fact that silicon tetrachloride and 


IONS IS C 
addition compound of trimethylamine and iodosilane as an ammonium derivative 
[N(CH,),SiH,] 1-, although the adduct containing two molecules of trimethylamine 

suggested to be octahedral as it does not yield conducting solutions in acetonitrile. 
t has been suggested“® that the compound py,'Sil, should be written 
Other related ions are“* [(C,H;),PCH.°Si(CH,),]* and the octa- 

[Si(acac),]* (where Hacac = acetylacetone). 
he increasing reactivity of the tetrachlorides of silicon, germanium and titanium 
with trimethylamine is clearly indicated. The reaction between trimethylamine and 
silicon tetrachloride over a period of days produces small quantities of a very volatile 
product. The similar reaction with germanium tetrachloride occurs overnight, 
while with titanium tetrachloride an instantaneous and extensive reaction occurs. 
yridine, where more stable complexes are formed, the only decomposition 
; hat of py,"TiCl, in the presence of excess pyridine. These observations 
who found that trimethylamine and 
tetrachloride yield trivalent vanadium. The decomposition of py,TiCl, 


1 » , . 16) 
- to those of FOWLES and PLEAss,'** 


ence of excess pyridine may be a solubility effect. 
iddition to the general survey of the stoicheiometry of these compounds as 
n Table 1, we have studied the stability of the compound py,°SiCl, in 
solution and in the gas phase. The vapour-pressure of py.’SiCl, as a function of 
temperature is shown in Fig. 2. The differences between the heating and cooling curves 
may be rationalized in terms of a dissociation in the gas phase with slow recombination. 
Fig. 3 shows a molecular weight determination in the gas phase where the line AB 
ilculated for 100 per cent dissociation. In view of the complete dissociation 
M. Peass, J. Chem. Soc. 1674 (1957). Chem. & Industr. 1743 (1955). 
A. G. Mappock, J. Inorg. Nucl. Chem. 1, 187 (1955). 
Nucl. Chem. 15, 182, (1960). 
, Chem. & Industr., 849 (1959). 
1 S. KIRSCHNER, J. Amer. Chem. Soc. 80, 753 (1958). 
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in the gas phase the vapour-pressure data may be used to calculate an approximate 
value for the enthalpy of the reaction 


SiC], (g) +- 2py (g) — py2'SiCl, (s). 


The mean value for several experiments is —11-2 kcal molet. As EmeLfus and Rao™*) 
have pointed out, data of this type are not particularly useful as they contain an 


Fic. 2.—The vapour-pressure of py,"SiCl, as a function of temperature 
r I 22 4 I 


---- heating cooling 


unknown lattice energy for the solid. No improvement can be made on this approach 
at present as the compounds have a very low solubility in organic solvents and are, 
anyway, probably fully dissociated in solution. 

To examine the state of py."SiCl, in solution we have measured the depression of 


the freezing point of nitrobenzene by this solute. This required the use of a vacuum 
technique involving no taps or joints. The result obtained again corresponds to that 


for complete dissociation. 
EXPERIMENTAL 

Preparation of reagents. All reagents were collected finally in glass ampoules which were sealed 
under vacuum. 

A.R. nitrobenzene. Extracted several times with concentrated sodium hydroxide solution followed 
by a preliminary drying over calcium chloride. The nitrobenzene was passed through an alumina 
column (producing a very pale yellow product) and dried over phosphoric oxide. Fractional distilla- 
tion from phosphoric oxide was followed by fractional distillation under reduced pressure from 
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ride was then added, followed by a final fractional distilla- 
Ss apparatus using no taps or joints. For this purpose the 


flux ratio could be varied by altering the rate of the 





oK 


py,"SiCl,. AB corresponds to complete dissociation. 


a 


+——__ 


~ 
} 


; | 
iN 
ie 

a 

Fic. 4.—Reflux head. 

1.R. pyridine. Stood over potassium hydroxide for several months, refluxed over barium oxide 

and fractionally distilled on to potassium hydroxide. The fraction boiling at 115—116° was collected and 

redistilled (114-5° at 76-2 cm). Final distillation was in vacuo with rejection of head and tail fractions. 

Technical quality silicon tetrachloride was fractionally distilled (56-5° at 76-1 

cm) and finally collected in ampoules. Similar methods were used for titanium tetrachloride (which 


Chloro compounds 
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was treated with copper foil before use) (137-8° at 75-0 cm), trimethylchlorosilane (58° at 76-2 cm), 
dimethyldichlorosilane (71° at 75-1 cm) and trichloromethylsilane (67° at 76:3 cm). Germanium 
tetrachloride was distilled three times in vacuo. 

Trimethylamine. } ractionally distilled at low pressure 

1.R.2, 2’-dipyridyl. Sublimed twice in vacuo 

2, 2’, 2’-terpyridyl. Sublimed three times in vacuo (Found: C, 
requires C, 77:1; N, 18-0; H, 4-8%). 


Ps 


1 
waa L 





rhe titration of the hydrolysis product from py,’SiCl, against sodium hydroxide 
solution. 


M M .M 


Calculated: — ma 
SO 200 800 


M , 
Experimental * ~——(molarities refer to the complex py,*SiCl,). Calculated end-points are 
200 ms 


indicated by vertical dotted lines. 


Drying. The mutual drying of reagents of the above type has been briefly mentioned for pyridine 


'!) Its success depends on the stability of complexes such as py.’SiCl, and 


and silicon tetrachloride. 
their reaction with water and hydrogen chloride. py.-SiCl, reacts with hydrogen chloride gas to yield 
pyridinium chloride and silicon tetrachloride (this may be compared with py-BCI, where a comparable 
reaction does not occur'*!’). py2*SiCl, is rapidly and completely hydrolysed by water. In view of the 
fact that the authors of a recent paper‘®’ reported that they were unable to obtain sufficiently dry 
trimethylamine to prevent appreciable quantities of amine hydrochloride being produced on admixture 
with silicon tetrachloride, the drying of trimethylamine will be outlined. A trimethylamine ampoule 
was broken and silicon tetrachloride distilled on to the trimethylamine to produce silica and amine 
hydrochloride. Pyridine in excess of the amount to produce py."SiCl, was condensed on to the mixture 
to yield silica, amine hydrochloride and py."SiCl,. The very volatile trimethylamine could then easily 
be distilled from the relatively involatile pyridine and the stable solids. 

Phase diagram studies. These were all carried out in a vacuum system using greaseless diaphragm 
taps. 


(21) M. F. Lappert Proc. Chem. Soc. 121, (1957). 
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he depression of the freezing point was studied in a standard cryos- 


nstantan thermocouple. Initial measurement indicated that 
| constrictions had been sealed to remove 

t water was produced to hydrolyse the complex. 

was examined. It involves complete hydrolysis 
ved by titration using the indicators methyl orange 
glass electrode are shown in Fig. 5. The total 

r pyridine (depending on a difference in titration) 


dilute solution when the end point is not sharp 





THE REACTION OF MAGNESIUM WITH HYDROGEN 
CHLORIDE AND AMMONIA 


R. W. NEITHAMER,* J. E. Hurset and J. S. PEAKEt 


Department of Chemistry, East Texas State College, Commerce, Texas 
(Received 31 March 1961; in revised form 24 May 1961) 


Abstract—Anhydrous magnesium chloride has been obtained as a white, powdered material with a 
purity of 99-5—99-9 per cent as calculated by the Cl: Mg ratio. The procedure involves the intermittent 
reaction between sublimed magnesium chips and anhydrous hydrogen chloride and ammonia gases 
over a 6-8 hr period. The mechanism suggested for this reaction involves an initial ‘‘onium” type 
reaction in an ammonia atmosphere resulting in the formation of the stable ammoniate MgCl,"1NHs 
and a subsequent decomposition of the ammoniate in a hydrogen chloride atmosphere yielding the 


desired product. 


THE determination of the surface tensions and densities of molten magnesium chloride 
and its mixtures with alkali halides requires the preparation of pure, anhydrous 
magnesium chloride. The requirements of magnesium chloride for use in physical 
property measurements are rigorous: 

(1) the material must be free from magnesium oxide and magnesium oxy-chloride; 

(2) there must be no carbon or other elements present which will attack platinum 

up to 1100° and beyond; and 

(3) the material must be in a form which is easily handled. 

There are several reports in the literature concerning the preparation of anhydrous 
magnesium chloride, but the methods described are either limited to very small 
quantities or to industrial processes yielding a product which is difficult to handle 
and which lacks the desired purity. 

Although the direct reactions of magnesium with chlorine and hydrogen chloride 
are very favourable from a thermodynamic standpoint, they do not proceed readily 
below the melting point of magnesium chloride (712°) due to the crystallization of the 
chloride on the metal surface in a cadmium chloride-type layer lattice which forms a 
protective film which is impervious to the gases and which prevents further reactionexcept 
by slow diffusion through the film. Dehydration of pure magnesium chloride hexa- 


hydrate is subject to side reactions resulting in the formation of either magnesium 


oxy-chloride or magnesium oxide, depending upon the temperature employed. 
Dehydration in an atmosphere of dry hydrogen chloride represses these side reactions, 
but the degree of impurity remains prohibitive. 

The most successful methods heretofore described have involved the dehydration 
of ammonium carnallite, MgCl,;-NH,CI-6H,O, in an atmosphere of dry hydrogen 
chloride or the reaction of magnesium with ammonium chloride. RICHARDS and 
PARKER®) and BiLTz and Hittic,® were able to obtain high purity anhydrous 


* Rose Polytechnic Institute, Terra Haute, Indiana. 
Research Corporation Fellow, 1960-61. 
Minnesota Mining and Manufacturing Co., St Paul, Minnesota. 
) J. Besson, Bull. Soc. Chim. France, 1775 (1950). 
2) T. W. RicHaArps and H. G. Parker, Z. Anorg. Chem. 13, 81 (1897). 


3) W. Bittz and G. F. Huttric, Z. Anorg. Chem. 119, 115 (1931). 
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1 
| 


magnesium chloride in small amounts by making use of the fact that ammonium 
llite gives up its waters of crystallization with less tendency toward hydrolysis 
es magnesium chloride hexahydrate. Recently, BRyce-SmiTH™ described a 
mploying a modification of this dehydration method yielding larger 
a product lacking the desired purity for physical property measurements. 
Fre_per,”’ on the other hand, investigated the reaction of magnesium 
1onium chloride in an atmosphere of ammonia and were able to 

product with a purity in the range 98-45-99-90 per cent. 
‘nt paper describes a method initially investigated by the senior author“? 
intermittent reaction between magnesium metal and hydrogen chloride 
The previous unpublished work, however, did not include a 
he optimum conditions for the reaction nor an investigation of the mech- 


1 


y which the reaction proceeds. Both of these topics are herein considered. 
EXPERIMENTAI 


ned from the Dow Chemical Company, Midland, Michigan, as a 
um, Alloy No. 90530, with a minimum purity of 99-96 per cent. 
nall chips prepared with the use of a new tungsten carbide 
ttention given to immaculate housekeeping procedures. The 
gases were Reagent Grade materials obtained from the Matheson 
gases were dried to remove residual moisture by passing them 


y agents. 


ere spread evenly over the length of a reaction vessel 
he reaction vessel and its contents were then sealed 
as the furnace tube, as shown in Fig. 1. The latter 
wire in such a manner as to provide two separate 
re control over the entire length of the reaction 
layer of Alundum cement and approximately 2 in of 
as accomplished by the use of two 20-A autotrans- 


ing the furnace windings. Temperatures 

itan thermocouples inserted into the reaction vessel 

yuples were connected through a dual switch toa 
rated to read temperature directly 

+ mm stopcocks, were inserted through each of the 

/ 


These tubes served as inlets for the two 


1. The stoppers were insulated from heat 


ttack by ammonium chloride by large wads of glass 


were sealed with soft deKohtinsky cement to insure an air-tight 


led from the atmosphere, the temperature was raised to 

| for at least one half-hour in order to remove residual 
chloride was then introduced into the system. The gas 
ining Drierite and a series of traps, one of which contained a 
as flow indicator. Another served as a mercury pressure- 
nent of excessive pressures inside the system 


ied atmospheric pressure, as indicated by a mercury manometer 
; +} 
LO 


the exhaust line, the temperature was raised to 350°, the 


6, 9 (1960) 
; ci. 63, 113 (1954). 


ersity (1957) 
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optimum temperature for the reaction. A continuous flow of gas was maintained through the system 
at a slow rate until there was no further indication of apparent reaction between magnesium and 
hydrogen chloride. The system was then evacuated, employing a large glass reservoir to collect the 


gas, and anhydrous ammonia introduced into the system through a series of traps similar to that 


previously described. The temperature was allowed to drop to insure formation of small amounts of 


ammonium chloride in the reaction vessel. Ammonium chloride decomposes at 350° and is a neces- 
sary component in the reaction vessel in order for the reaction to proceed. Large amounts of this 
material, however, are not desirable. Each of these steps as described required approximately 20-30 
min to complete. 


Reactior 


hoot 











Fic. 1.—Anhydrous magnesium chloride apparatus 


The system was again evacuated, employing another large glass reservoir to collect the ammonia, 
the temperature raised once again to 350°, and the entire hydrogen chloride-ammonia cycle repeated at 
least three times over a period of about 3 hr. The reaction was ordinarily considered complete when a 
sudden large increase in temperature of 30-50° accompanied the introduction of hydrogen chloride 
into the system. This usually occurred during the third cycle, but a fourth was carried out for good 
measure. The material in the reaction vessel at this point was a hard, white crystalline mass containing 
some unreacted, finely-divided magnesium. To complete the reaction, the system was cooled to room 
temperature and ammonia introduced in a continuous flow for 2-3 hr until the hard, crystalline mass 
was broken up exposing the unreacted metal for further reaction. This step produced a loose, fluffy, 
white powder four to six times the volume of the original material. The temperature was then raised to 
and maintained at 400° until no further decomposition of ammonium chloride was indicated. The 
system was again evacuated, hydrogen chloride introduced, and the reaction completed over a period 
of one-half hour. 


Anal ysis 


A sample of the final product was dissolved in water, diluted to | 1., and aliquot portions used for 
analysis. Magnesium was determined by an EDTA procedure and chlorine by the Mohr method. 
Values presented in Table | for each substance found are means of quadruplicate determinations. 
Calculation of purity was based solely upon the Cl: Mg ratio, since the ammonia and ammonium 


TABLE |. 








Mg used Me found Cl found “% Purity, 


Reaction no Moles Cl: Mg MgCl, 


(g) (g) (g) 


10 0-1720 0-3010 1-998 99-90 
5 0-6580 1-9215 2-003 99-85 
5 0-4364 1-2785 2-010 99-50 

1-995 99-75 
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> driven off when the product is fused for its ultimate use. However, Nessler 
ninations on samples of the product indicated less than 0-1 mole per cent total 
ymonia and ammonium chloride) remaining in the final product. This is in accord 
Hirric that the final 0-1 mole of ammonia per mole of magnesium 

remove. 
» materials in the reaction vessel at four different stages 
id values for the major peaks observed, the major and minor 
concerning the stage from which the sample was taken are 
spectra data obtained through standard mull techniques with a 
1otometer were correlated with the X-ray data and visual observa- 


the reaction 


Components 


*MegCl,-1 NH; (Major) 
MgCl, (minor) 


MgCl, (major) 
*MgCl,-1 NH; (minor) 
Very minor unidentified species 


MgCl, (major) 
NH,Cl (major) 
Unknown (minor) 


MeCl, (major) 
Possibly small amount of 
NH, Cl as minor constituent 


vas MgCl,:1IH,O. However, considering the temperature of the 
n oxide in the final product and the rough similarity in size of the ammonia 
| species must be MgCl,-:INH,. This statement is supported by the fact that 
rom samples of the molten intermediate (1) shows ammonia peaks at 2°84 
ind Erey.'*) The N-H stretching bands are found in the 3-0 yu 


ng bands are found in the 6-1 region for chemisorbed ammonia. 
| 


t rved in coordinated ammonia of complex ammines. No indication 
A sample of the hard, crystalline mass (II) gave no peak at 2°84 uw, and only a 
he presence of MgCl,-INH, as a minor constituent. A slight peak at 
presence of ammonium ion, might easily account for the unidentified species in this 
ion were observed in the 3-2 and 7-1 y regions for samples of the fluffy 
1 agreement with the work of PAULING and ELey. The absence of all but a 
2 region for the final product indicates only slight residual ammonia remaining. 
as convincing evidence for the existence of MgCl,:INH, in samples I and II. 


DISCUSSION 


The product obtained by use of this procedure was a white, powdered material 
which dissolved in water with considerable evolution of heat to yield a clear solution, 
indicating the absence of magnesium oxide as an impurity. The results of four 
successive runs employing essentially the same procedure as described are presented 
f the Chemical Bond, Cornell University Press, Ithaca, New York (1939). 
ms Faraday Soc. 8, 34 (1950) 
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in Table 1. These indicate that high purity anhydrous magnesium chloride may be 
prepared consistently by the method described.* 

The procedure as described has several inherent advantages when compared with 
other previously reported methods: 

(1) magnesium can be obtained 99-96 per cent pure; 

(2) there is exceedingly small chance for hydrolysis since the reaction itself does 

not involve the elements of water; 

(3) all by-products are volatile and can be driven off when the material is fused; 

and 

(4) the reaction proceeds to completion over a period of a few hours in the 

temperature range 325—400° and is quantitative. 

The overall reaction apparently proceeds through four distinct stages, as indicated 
in Table 2: 

(1) the formation of a molten intermediate: 

(2) the formation of a hard, crystalline mass; 

(3) the formation of a fluffy powder; and 

(4) the resulting final product. 

In their work with magnesium and ammonium chloride in an ammonia atmosphere, 
PEAKE and FIELDER suggested that the reaction involved in that procedure proceeded 
at temperatures much lower than the melting point of the magnesium chloride due 
to the formation of stable ammoniates which have crystal structures different from 
the layer lattice of magnesium chloride and which do not form protective films of the 
surface of the metal, thus allowing the reaction to proceed to completion. Reference 
to Table 2 indicates the formation of just such a stable ammoniate, MgCl,-1NHsg, in 


this procedure. However, this material was observed to have a definite melting point 
of 253-257", well below the optimum temperature of 350° for this reaction. This 


would seem to suggest that the reaction proceeds to completion in this procedure due 
to the formation of the stablé ammoniate with the formula indicated, but which 
melts away from the metal thereby exposing fresh surface for reaction. The formation 
of this product during the ammonia cycles was accompanied by considerable evolution 
of hydrogen and took place much more rapidly than in an atmosphere of hydrogen 
chloride. This suggests that the ammoniate is stable in an ammonia atmosphere 
whereas it is decomposed in an hydrogen chloride atmosphere resulting in a stifling 
film on the metal surface. 

HOFFMAN,” on the other hand, considered the reaction between ammonium 


chloride and metals to be of the “‘onium” ion type, since the same amount of dry 
hydrogen chloride in the form of ammonium chloride is 100 times more active on 
copper at 250-350° and dry hydrogen chloride is nearly indifferent to copper at 300°, 
but reacts vigorously at 200° when wet. He suggested that hydrogen chloride is an 
acid only when combined with water as (OHs)CI or with ammonia as NH,Cl. The 
greater stability of NH,* as compared to H,O* causes the reaction to proceed at 
measurable velocities only at higher temperatures. 

* This reaction has been carried out employing up to 30 g of magnesium yielding in the order of one- 
quarter pound of the product with a purity in the range of that indicated in Table 1. Although larger scale 
preparations have not been attempted, it is felt that quantities in the order of 1-2 lb of the chloride may be 
prepared by this method depending upon the size and design of the apparatus. 

®) K. A. HOFFMAN, F. HARTMAN and K. NAGeL, Ber. Dtsch. Ges. Chem. 58 B, 808-17 (1925). 
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\uDRIETH,”"” in a later investigation, suggested that although ammonium 
chloride is completely dissociated in the vapour phase, ammonium and hydrogen 


chloride recombine on the metal surface to produce the “onium” ion which serves 


ve agent causing the reaction to take place. In the present procedure if an 


gas, such as argon, was introduced into and swept through the system for some 
time between the hydrogen chloride and ammonia cycles in order to remove as much 
of the residual gases remaining after evacuation of the system as possible, no reaction 
was observed to take place, even after much longer periods of time. This suggests 


t the ammonium ion is indeed necessary for the reaction to begin and to proceed 


of the above suggestions and the observed data, we suggest the following 
e mechanism for the reaction involved in this procedure. The initial step most 
volves the reaction of magnesium metal with hydrogen chloride according 

» the equation 


Mg + 2HCl—> MgCl, + Hy. (1) 


This is in accordance with a slight decrease in pressure observed when the system was 
closed off. However, as previously indicated, very little of the magnesium surface is 
affected by this reaction. After evacuation of the system and subsequent introduction 
nonia, sufficient ammonium chloride is formed on the surface of the metal so 
“onium” type reaction takes place with the production of the stable ammoni- 
MgCl,:"INHs, according to the equation 


Mg -- 2NH,Cl —> MgCl,"INH, -- NH + Hy. (2) 


The lack of formation of ammonium chloride in the reaction vessel at temperatures 
below its decomposition temperature serves to indicate that residual hydrogen 
chloride is effectively used up in the formation of the chloride. This reaction appar- 
ently proceeds until the supply of ammonium chloride is exhausted. Further, BILTZ 
et al.) and FieLDER"”’ have reported the existence of MgCl,"INH, as a stable ammoni- 
ate, and a definite pressure increase was observed within the system, in accordance 
with equation (2). This information, along with the X-ray and infra-red data, support 
the suggestion that this is the reaction involved. 

rhe second step in the reaction, as suggested by the data in Table 2, involves the 
decomposition of the stable ammoniate in an atmosphere of hydrogen chloride, 


according to the equation 


MgCl,-1NH, -- HCl-» MgCl, + NH,Cl. (3) 


Again, a pressure decrease within the system was observed, in accordance with this 


equation. The ammonium chloride formed can subsequently enter into further 
reaction according to equation (2). Reaction (3) will proceed until the ammoniate 
is destroyed, leaving anhydrous magnesium chloride as a hard, white crystalline mass. 
This material was observed to become increasingly thick around the magnesium chips 
with each additional cycle. The chloride may then effectively trap hydrogen chloride 
molecules which are not removed by subsequent evacuation. Formation of additional 
ammonium chloride in close proximity to the remaining unreacted metal surface 
results, and the reaction proceeds readily once again. 


L. F. AuprietH, A. LonG and R. E. Epwarps, J. Amer. Chem. Soc. 58, 428-9 (1936). 
Fietper. M.S. Thesis, Indiana University (1954). 
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The third stage in the reaction involves a significant absorption of ammonia and 
results in an extremely loose white powder, in contrast to the hard, crystalline mass 
of magnesium chloride produced in the second stage. All previous investigators have 
mentioned the exceedingly large volume increase involved in the absorption of 
ammonia by magnesium chloride. BILTz and HUTTIG’s work suggests that this is due 
to the formation of unstable interstitial ammoniates. This step is necessary, as 
previously indicated, to break up the hard, crystalline mass in order to allow finely 


divided, unreacted magnesium to undergo reaction. 
giving rise to the final desired product, is merely repetitious of 
the hydrogen chloride cycle and is necessary finally, to remove as much ammonium 


The final stage, 


chloride and ammonia as possible. 
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A KINETIC STUDY OF THE ISOTOPIC EXCHANGE 
OF GALLIUM BETWEEN THE GALLIUM ION AND 
GALLIUM ETHY LENEDIAMINE-N,N,N’,N’-TETRA- 
ACETATE AND N-2-HYDROXYETHYL ETHYLENE- 
DIAMINE-N,N’,N’-TRIACETATE IN WATER 


K. Sairo and M. TSUCHIMOTO 


Institute for Nuclear Study, University of Tokyo, Tanashi, Tokyo, Japan 
(Received 22 March 1961) 


Abstract—Isotopic exchange of gallium between the gallium ion and its EDTA and EDTA-OH 
complexes is immeasurably slow in neutral solution and very fast in basic and strongly acid solutions. 
The rate is measurable in the pH regions near 8 and 1, and the rate constant for exchange is independ- 
ent of the concentration of uncomplexed gallium and proportional to that of the complex. Near pH 8, 
the rate constant is proportional to the concentration of OH ion, and the Arrhenius activation 
energy is ~26 kcal mole~! for both complexes. Below pH 1, the rate constant is proportional to 
[H*}** and the apparent Arrhenius activation energy is much smaller (~15 kcal mole~’). It appears 
that the mechanism of exchange is different in these two pH regions, although it seems to be similar: 


for both complexes under given conditions 


; information is available concerning the isotopic exchange of co-ordination 
LITTLE inf t labl cerning th topic exchange of rdinat 
compounds of gallium, which have the typical d’ structure, and we have therefore 


extended our work on kinetics of isotopic exchange to this element using gallium-67 
as tracer. We have found that the exchange of gallium between the gallium ion and 
gallium ethylenediamine-N,N,N’,N’-tetra-acetate (henceforth written as EDTA with 
the formula given by H,Y) and N-2-hydroxyethylethylenediamine-N,N’,N’-triacetate 
(EDTA-OH, HZ) is very slow in neutral and weakly acid solutions, but very fast in 
basic and strongly acid solutions. The exchange rate is measurable for both complexes 
in the pH regions near 8 and |,* and this paper deals with the kinetics in these regions. 
The rate of exchange R is expressed by McKay’s formula’? 


2-303(a + b) log (1 F) 
ab ; l 





R 


where ¢ is the time in seconds, F the fractional exchange, and a and 4 represent the 
concentrations of uncomplexed gallium (initially inactive) and the gallium complex 
(active) respectively. 
RESULTS AND DISCUSSION 

Isotopic exchange in weakly basic solution. The rate of exchange R is independent 
of the concentration of the uncomplexed gallium a, regardless of the presence of a 
buffer and a masking agent such as tartrate or citrate (Table 1). The rate constant 
k, given by k R/b has the dimension ¢. The relationships between R and b on 
the one hand and the concentration of hydroxyl ion and temperature on the other are 


* The measurably slow exchange in a basic solution was briefly reported by Sarto and TsucuHiImMoTo." 


!) K. Sarto and M. TsucuimotTo, Bull. Chem. Soc. Japan, 33, 1315 (1960). 
2) H. A. C. McKay, Nature, Lond. 142, 997 (1938). 
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shown in Table | and Fig. 1 for the gallium EDTA-OH complex. R is seen to be 
proportional to the concentration of the gallium EDTA—OH complex 6 and to that 
of the OH~ ion. The Arrhenius activation energy was calculated to be 27 kcal mole“. 
rhe influence of the concentration of buffer and masking agent and that of the ionic 


strength are shown in Table 2. There appears to be an overall trend towards a greater 


RELATIONSHIP BETWEEN THE EXCHANGE RATE AND THE CONCENTRATIONS OF 
MPLEXED GALLIUM, GALLTUM—EDTA—OH COMPLEX AND HYDROXYL IONS, IN WEAKLY BASIC MEDIA 


R 
pH ; ; , , 
(10 (10-* mole | min~*) 


0-0043 M tartrate and 0-0125 M veronal 


INFLUENCE OF BUFFER AND MASKING AGENT AND OF IONIC STRENGTH UPON THEI 


EXCHANGE RATE FOR THE GALLIUM—EDTA—OH COMPLEX IN WEAKLY BASIC SOLUTIONS 





reagents (M) TT k (sec™') k/[OH~] 


0-0043 
0-062 
> 0-0212 
0-0125 


0-0225 


s 


» 0-0043 ie 
0-0125 0-220 
0-0043 , 
0-0125 UUSe 


0-0043 





rate with increase in ionic strength, whereas the presence of buffer and masking agent 
affects the rate to a very small extent. 

Very similar relationships were observed for the gallium EDTA complex, and the 
effect of ionic strength is also very similar (Table 3). The Arrhenius activation energy 
is 25 kcal mole“, very close to that for the EDTA-OH complex. 

From these results, it appears probable that the mechanism of isotopic exchange 
is similar for the two complexes. At such a pH, uncomplexed gallium will be present 
either as gallate ion or as a tartrate (or citrate) complex. However, its state is not 
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TABLE 3.—INFLUENCE OF IONIC STRENGTH UPON THE EXCHANGE 
RATE FOR THE GALLIUM—EDTA COMPLEX IN WEAKLY 
BASIC SOLUTIONS 





Ionic strength k (sec”') 


0-082 


5:5 > 16: 


25°C; ionic strength adjusted with KNO, in the presence 
0-0043 M tartrate and 0-025 M veronal. 














k/[OH | for A 














i/T X 10 
Fic. 1 Temperature dependence of R 


curve A for Ga~-EDTA-—OH complex in weakly acid solution. u 0-220 
(KNQO3); a, 1:34 10-° M; 4, 1-34 10-* M; 0-0043 M tartrate and 0-0125 M veronal. 
curve B for Ga-EDTA complex in strongly acid solution. ----A----A---- 4 = 0-20 (KNO,): 

a, 1.34 10-° M; 5, 1:34 10-° M; pH adjusted with HNO, . 


important in discussing the reaction mechanism, since the exchange rate R is 


independent of its concentration a. 

Both EDTA and EDTA-—OH complexes have one mole of co-ordinated water, 
which can dissociate to give the hydroxyl complex [GaY-OH]*- and [GaZ-OH] 
respectively. The apparent dissociation constants are 1-2 x 10-* and 1-5 x 10° 
respectively in potassium nitrate solution at « = 0-2 (25°C). Hence both complexes 
are present largely as hydroxyl complexes in the pH region in question. The linear 


K. Sarto and H. Terrey, J. Chem. Soc. 4701 (1956). 
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relationship between R and b and the concentration of OH™ ion suggests that inter- 
action between OH~ ion and the gallium EDTA (or EDTA—OH) complex plays an 


important role in determining the exchange rate, i.e. 
R = k’b-[OH"]. 


Since the OH~ ion is a very strong nucleophilic reagent, it would not be unreasonable 
to assume that attack upon gallium(IIl) by OH™ ion is the rate-determining step. 


Alt igh such an example has not been reported for co-ordination compounds with 


ILE 4 RELATIONSHIP BETWEEN THE EXCHANGE CONSTANT AND 
THE CONCENTRATIONS OF UNCOMPLEXED GALLIUM AND OF 
GALLIUM-—EDTA COMPLEX IN ACID MEDIA 


(10-* mole |.~? min“) 


~~ ww w 
> br bh 


~ 


—— a PR 


0:20 (KNO,) ; pH adjusted with HNO,. 


the 


Lit 


/° structure, the large Arrhenius activation energy appears to justify this 


assumption 


[*GaZ-OH]- + OH- —> [*GaZ-(OH),}? 
[*GaY-OH}- + OH- —> [*GaY-(OH),}° 
(*GaZ-(OH),)? + GaO,3- = [GaZ-(OH),}?- + *GaO,? 
[*GaY-(OH),}>- + GaO,3- = [GaY-(OH),}*- + *GaO,*- 


[he second step may, of course, involve several individual reactions, but their rates 
must be greater than that of the first step. The greater value of k’(= k [OH~]) for the 
EDTA-OH complex compared with the EDTA complex can be accounted for by the 
difference in charge on the complexes. 

Isotopic exchange in strong acid solution. The exchange rate is immeasurably small 
for both complexes in acid solution at pH 1-5 and increases with increase in hydro- 
gen ion concentration very remarkably in more acid solutions. The dependence of 
R upon a and 6 is shown in Table 4 for the EDTA complex; very similar relationships 
were observed with the EDTA—OH complex. The rate constant k is therefore written 


as k R/b in the weakly acid region. The rather complicated dependence of R 


upon hydrogen ion concentration is shown in Fig. 2 as log-log plots for both EDTA 
and EDTA-—OH complexes. The points are somewhat scattered at pH < 1, but this 
fact appears to be due to insufficient accuracy of pH measurement in this region. The 
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two linear plots, which indicate the apparent relationship between R and the hydrogen 
ion concentration, are parallel and for both complexes 


R = k'b-[H*}** 
over the pH range 0-6—-1-5 at the given ionic strength and temperature. The non- 
integral exponent suggests that exchange proceeds by two simultaneous mechanisms. 
The Arrhenius activation energy calculated from Fig. | (for the EDTA complex) is 





7 
| a 
+ 4 
+ 4 

| 














Fic. 2.—Relationship between R and hydrogen ion concentration for gallium EDTA and 
EDTA-—OH complexes. 
0-20 (KNO,); a, 1:34 10-° M; 5b, 1-34 x 10-* M; solid line—EDTA complex at 40°C; 
broken line—EDTA-OH complex at 25°C. 


therefore an apparent one, the values being 15 and 16 kcal mole! for the EDTA and 
the EDTA-OH complexes respectively. The effect of ionic strength and of the species 
with which the former was adjusted is tabulated in Tables 5 and 6. It appears that 
the value of k/[H*}’* is almost independent of the ionic strength and of the neutral 
salt for both complexes. 

From these results it is seen that the isotopic exchange proceeds in a similar manner 
for both complexes, although the reaction mechanism must be entirely different from 
that in weakly basic solution. Jones and LONG™ have reported a kinetic study of the 
isotopic exchange of tervalent iron with the iron(III)-EDTA complex in acid solution, 
which is described by a formula involving three kinetic terms. The present authors 
studied the exchange kinetics of the indium EDTA—OH complex in acid solution and 
found that the dissociation of the mono-protonated complex is the rate-determining 
step 

[*InHZ-OH,] In°?* = [InHZ-OH,] *In°® 


4) S. S. Jones and F. A. Lona, J. Phys. Chem. 56, 251 (1952). 
K. Saito and M. TsucuimotTo, Bull. Chem. Soc. Japan, In press. 
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[he present result appears to indicate that the dissociation of poly-protonated 
gallium EDTA and EDTA—OH complexes is the rate-determining step. The value of 
nt (2:4) indicates that protonation takes place on more than two acetate 

The dissociation constants of the co-ordinated water in both 


INFLUENCE OF IONIC STRENGTH UPON THE EXCHANGE 
RATE FOR THE GALLITUM—EDTA COMPLEX IN 


STRONGLY ACID SOLUTIONS 


[H*}?" 


0-149 10 
0-305 10 
0-300* 10 
0-600 7 5 10 


adjusted with KNO, except for the run marked*, 
th KCl. pH controlled with HNO 


INFLUENCE OF IONIC STRENGTH UPON THE EXCHANGE 
RATE FOR THE GALLIUM—EDTA—OH COMPLEX IN 


STRONGLY ACID SOLUTIONS 


0-158 
0-305 
0-298* 
0-603 


25°C; ionic strength adjusted with KNO, except for run marked *, 
ch was adjusted with KCl. pH controlled with HNQs. 


complexes are so small that the co-ordinated water remains unchanged in the given 
pH region 
[*GaY-OH,] [*GaHY-OH,] 
[*GaHY-OH,] ~ [*GaH, Y-OH,] 
[*GaH,Y-OH,] > [*GaH,Y-OH,}° 
[*GaH,Y-OH,] [GaH,Y-OH,] *Ga? 
[*GaH,Y-OH,}* ja®* =~ [GaH,Y-OH,}* *Ga*? 


[he two exchange processes shown appear to proceed at comparable rates under the 
given conditions. Similarly the following two exchange processes for the gallium 
EDTA-—OH complex must proceed at comparable rates. 


[*GaH,Z-OH,}° Ga** = [GaH,Z-OH,]* *Ga® 
[*GaH,Z-OH,}** + Ga = [GaH,Z-OH,}** + *Ga® 


In other words, the exchange involving the dissociation of the mono-protonated 
complexes [GaHY-OH,] and [GaHZ-OH,]* is immeasurably slow, contrary to the 
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case of the indium EDTA-OH complex. The formation constant of the indium 
EDTA complex (pK 24-95) is greater than that of the gallium EDTA complex 
(pK = 20-27). No data are available concerning the EDTA—OH complexes of these 
elements, but the relative difference in pK values between two given metal complexes 
appears to be the same on changing from EDTA to EDTA-OH. If this is so, the 
indium EDTA-OH complex would be thermodynamically more stable than the 
gallium EDTA-OH complex. The lability of the protonated complex seems to be 
independent of the thermodynamic stability. 

In such species as [GaH,Y-OH,]*, [GaH,Y°OH,]}**, [GaH,Z-OH,]}** and 
[GaH,Z-OH,]**, almost all Ga—O bonds are broken. Hence it could be stated that 
the gallium EDTA and EDTA-OH complexes undergo isotopic exchange with the 
tervalent gallium ion via substantial dissociation of the complexes. The small influence 
of other ionic species indicated in Tables 5 and 6 could thus be explained. The 
Arrhenius activation energies, although only apparent values, are much smaller than 
those for exchange in the weakly basic region, which apparently involves attack by 
OH ion. They are nearer to that for the indium EDTA—OH complex (11 kcal mole~), 
which involves dissociation of the mono-protonated complex. 


EXPERIMENTAL 


Preparation of tracer. Gallium-67 (half-life 78 hr) was produced by irradiation of a zinc plate with 
a-particles of 30-40 MeV (beam intensity ~25 A) in a cyclotron in this Institute. The following 
nuclear reactions predominate: **Zn(«, p)®’Ga_ **Zn(«, n)**Ge—(E.C.) — Ga and **Zn(«, p2n)*’Ga. 
When short-lived °’Ge (half-life, 19 min) had decayed completely, the zinc plate was dissolved in 6 N 
hydrochloric acid and the radioactive °*Ge and °*Ge were distilled off in the presence of carrier. The 
residual sojution was filtered, diluted with 6 N hydrochloric acid and the gallium extracted with 
di-isopropyl ether. The organic layer was evaporated off and the residue dissolved in dilute nitric 
acid. By using pure zinc as a target, the product contained radioactive gallium in an almost carrier- 
free state and was used as tracer, the specific activity being adjusted by the addition of gallium nitrate 
solution. When short-lived radioisotopes of gallium (e.g. “°Ga) had decayed, the y-ray scintillation 
spectrum consisted only of that of *’Ga as shown in Fig. 3, and the half-life agreed with that of ®’Ga. 

Preparation of the gallium complexes. The gallium EDTA complex is formed instantaneously on 
mixing gallium nitrate with an equivalent amount of the disodium salt of EDTA. 


[H.Y}?- + Ga** aq. > [GaY-OH,]- + 2H 


The labelled complex was prepared immediately before use from radioactive gallium nitrate solution 
having suitable specific activity and an equivalent amount of the disodium salt of EDTA. 

The EDTA-—OH complex has not been described previously, but similar conditions of formation 
were expected by analogy with the indium EDTA-—OH complex.'*? On mixing gallium nitrate with 
an equivalent amount of EDTA-—OH, three protons are liberated per mole. When the mixture was 
titrated potentiometrically with standard sodium hydroxide solution, the curve shown in Fig. 4 was 
obtained. 

H,Z Ga** ag. — [GaZ:OH,] 3H 


[GaZ-OH,] = [GaZ-OH]- + H* 


The co-ordinated water is combined so tightly with gallium that its apparent dissociation constant to 
produce a proton is about 1-5 10-° at 25°C. Hence the equivalence point corresponding to the 
first equation was obscured under these conditions. The labelled complex was prepared immediately 
before use as in the case of the EDTA complex. 

Procedure for kinetic runs. Aqueous gallium nitrate solution (inactive) was mixed with potassium 
nitrate and nitric acid (or the buffer and the masking agent) to have the appropriate pH value and 
ionic strength. Radioactive gallium nitrate solution was mixed with an equivalent amount of the 


6) G. SCHWARZENBACH, R. Gut and G. ANDEREGG, Helv. Chim. Acta 37, 937 (1954) 
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of EDTA or EDTA-OH and nitric acid (or potassium hydroxide), and the pH value 
approximately the same as that of the inactive gallium solution. Both solutions were mixed 
stat. An aliquot was taken at selected intervals and the gallium precipitated with 8- 
thanol, less than equivalent to the initially inactive gallium, the pH being adjusted to 
ueous ammonia solution and phenolphthalein in ethanol. The precipitate was filtered 
tered-glass filter plate of fine texture, washed with water (pH 9), dried and weighed. The 
f the gallium 8-quinolinol complex remained constant when it was produced in the 
excess of gallium and the gallium EDTA (or EDTA-OH) complex. The pH value of 
mixture was measured carefully from time to time during kinetic runs 





Nal crystal scintillator, 1 in. 1 in. The 


he shaded part was measured for the exchange study. 


-time exchange was always observed regardless of the pH of the reaction 
the net kinetic result and of the procedure involved in precipitation of 


complex. Such a small zero-time exchange can probably be regarded as 


y. The y-ray spectrometric method was adopted. Since Ga gives 
characteristic X-rays from zinc formed by electron capture, the weighed filter plate 
Cellotape and placed on an Nal crystal scintillator. The photomultiplier pulse was 


dt pulse-height analyser. The pulse was biased so as to produce an integrated 
hown in Fig. 3. The count-rate was proportional to the 


the spectrum §s 


llium and the specific count-rate was calculated from the weighed amount of 
nplex. All measurements for a given kinetic run were completed within 





A kinetic study 79 


30 min in order to avoid corrections for radioactive decay. The fractional exchange F is then ex- 


pressed by 


where x, Xi and x, are the specific count-rates at infinite time, time i and time zero, the first being 


about 5-30 min after mixing the solutions. 

Measurement of pH. Glass electrodes consisting of lithium lanthanum silicate glass were used at 
25 and 40°C. Since the measurement is less reliable in a strong acid solution of pH 1, the electrode 
was Calibrated using nitric acid solutions at various ionic strengths. The difference between the 











3 4 
molar ratio [NaOH] /[Gal] 
Potentiometric titration of an equimolar mixture of gallium nitrate and EDTA-OH 


versus sodium hydroxide solution. 
Concn. of Ga** and EDTA-—OH, 0:00145 M each; 25°C; , 0-05(K NOs). 


observed and the calculated values was about 0-02 pH unit in the pH range 0-7-1-0, about 0-03 for 
pH 0-5-0:7 and greater in a more strongly acid solution. All kinetic runs were therefore made at pH 

0-5. In the case of the gallium EDTA complex, the rate was too small at 25°C to enable an accurate 
measurement of R to be made, and the kinetics were followed at 40°C. At 0°C, a glass electrode of 
sodium calcium silicate glass was used, which gave a greater deviation from the calculated value. 
Nevertheless, the reproducibility was satisfactory for both kinds of glass. 


Acknowledgement—The authors express their thanks to the Ministry of Education for a grant in aid 
and to the cyclotron team for co-operation. 
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THE OXIDATION-REDUCTION POTENTIAL OF UO,?*-U! 
SYSTEM—II 


THE INFLUENCE OF HCIO,, HCl, H,5SO, AND OF TEMPERATURE ON 
THE OXIDATION POTENTIAL OF UO,**-U# 


J. SOBKOWSKI 
Department of Physical Chemistry, The University, Warsaw, Poland 
(Received 29 March 1961) 
Abstract—The oxidation—reduction potentials of UO U** have been investigated in perchloric, 
hydrochloric and sulphuric acids at various temperatures. The values of the standard redox potentials 
differ in the various media due to complex formation. From the change of redox potential with 
temperature the entropy of U** ion has been calculated. The value is lower in H.SO, than in HCIO, 


solution, due to complex formation. 


lHE standard oxidation-reduction potentials of many couples are known only approxi- 


mately and their values often show great discrepancies." This may be explained by 


the fact that in various media the ratio of the concentrations of the free ions in oxidized 
and reduced states does not equal the ratio of their total analytical concentrations. 


rhe values of standard potentials obtained from e.m.f. measurements should however 
be the same if the consecutive stability constants of the complexes .of both ions are 
taken into consideration. 

Knowledge of these constants and of their dependence on ionic strength would 
enable the ratio of the concentrations of free ions to be calculated, and so remove 
discrepancies for various media. However, the consecutive complexity constants are 
usually known only at constant ionic strength and therefore suitable corrections are 
difficult to introduce. One should therefore choose a medium in which complexing is 
a minimum, such as perchloric acid, in which the anion ClO, has the smallest 
tendency to complex formation.“ 

In our previous work) measurements have been reported of the redox potential 
of the UO,”*—U** couple in perchloric acid. In this paper we report somewhat 
different measurements of the redox potential of UO,**—U** in perchloric, hydro- 
chloric and sulphuric acids at different temperatures. The e.m.f. of cells of the type 

Pt |UO,?*, U*, H*/H*! H,, Pt (1) 
have been measured at various concentrations in solutions of HCIO,, HCl and 
H,SO,. The hydrogen ion activities were matched so as to be equal in both half-cells. 

If the potential of the Pt |UO,**, U**, H* electrode results from the reaction 


Ut + 2H,O = UO,?+ + 4H* + 2e-, 


. CHARLOT, Selected Constants Oxydo-Reduction Potentials. Pergamon Press, London (1958) 
BJERRUM, G. SCHWARZENBACH and L. LEN, Stability Constants, Part II Inorganic Ligands, 
ical Society. London (1958) 
wsk1 and S. Minc. J. Inorg. Nucl ! 19, 101 (1961). 
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then the e.m.f. of cell (1) is determined by the expression 
RT p 
N ay == In= 
2F 760 
, @y+ are the activities of UO,**, U** and H* ions; 
p, where p, = atmospheric pressure in mm Hg 
vapour-pressure of water over the acid solution in the 
hydrogen electrode in mm Hg; 
ffusion potential, which in this case has a relatively small value, since the 
ntration is greatly in excess of the concentration of uranium ions. Equation 


(4) 


RT. p ; 
— In -— (>) 
2F 60 


—Ina 
. H 
I 


measurements of the e.m.f. of cell (1) at different concentrations we can by 
lation using the function E, f(,/1), where J is the ionic strength eliminate 
> influence of the activity coefficients. 
[he case is much more complicated when both the ions UO,** and U** react with 
of the medium. For the sake of simplicity we have assumed that only mono- 
nplexes are formed, 1.e. 
[UO,**] + n[A-] = [UO,A,]*°-” (6) 
Ut] m[{A-] = [UA,,]}“&™ (7) 
bility constants of these reactions are 
[UO,A,,]° 
[UO,?*]. [A] 
_  (UA,,}4 
K a7 OK a eT 
[U**] . [A] 
ical concentrations of the uranium ions are 
[(UO,2+] + [UO.A,]° (U0,2+](1 + K,[A-]”) (10) 
Cus [U**] + [UA,,] ( (11) 
Hence from the equations (3), (5), (10) and (11) we obtain the following expression 


for the difference in e.m.f. for a cell in one part of which the ions are complexed while 


Lk 


in the other no complexing occurs: 


Ey) (12) 


are the products of consecutive stability constants and depend upon the 
rhe difference in the diffusion potentials of the systems is small and 
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Since K K,,“») then if the uranium ions form only weak complexes with 
anions (e.g. chloride ions) equation (12) permits us to calculate approximately the 
stability constant K,, provided that there is a great excess of complexing agent in the 
solution compared with the concentration of U** (i.e. C, ~ [A-]) and that the total 
concentration of anions is not very high, i.e. m 1. In this case equation (12) takes 
the form 


| RT 
AE)’ = = In(1 + Ky. Cy). (13) 


Suitable values of E, should be chosen for the same ionic strength in both solutions 
in order to calculate AE,’. In systems in which the stability of the complexes is higher 


these assumptions are less justified and the accuracy of equation (13) is limited. 


The influence of temperature 

rhe values of the entropy of UO,?* and of U** differ considerably,“ and we can 
therefore expect that in a cell in which reaction (2) occurs the dependence of e.m.f. 
on temperature should be considerable... However, in systems in which complex 
formation is possible the number of translational and rotational degrees of freedom 


i 


gative. As | ions are more 


of ions is diminished and the entropies are less ne 
L, 


strongly bound to anions than are UO,** ions, the entropy difference in reaction 
(2) is smaller and the temperature coefficient of EMF should decrease. For this reason 
the temperature coefficient should be smaller in H,SO, than in HCIO, as has been 
confirmed in the present work. From data“? for the entropies of UO,”* and U** ions 
we can calculate the temperature coefficient of reaction (2). This is smaller than the 
measured value in perchloric acid, showing that the data on the entropy of U** are 
rather inaccurate. 
EXPERIMENTAI 


Stock solutions of U(VI) were prepared by dissolving U,O, in the appropriate acid, with addition 
of H.O, to facilitate dissolution. Excess of the latter was removed by boiling. Stock solutions of 
U(IV) were obtained by electrolytic reduction of U(VI) at a mercury electrode. Procedures fo 
reduction, determination of the concentrations of U(VI), U(IV) and H*, and for purifying hydrogen 
and nitrogen have been previously described 

The vessel used had three compartments. > hydrogen electrode was connected to the redox 
electrode by bridges dipping into the middle compartment, which was filled with the same acid 
solution as the hydrogen electrode. The vessel and the last two scrubbers (for hydrogen and nitrogen) 
were placed in a thermostat maintained to +-0-05 In all measurements platinized electrodes were 
used 

After the correct value of e.m.f. was reached the change of temperature caused the e.m.f. to change 
but the new equilibrium potential was established rapidly (in about 30 min). When the redox electrode 
was platinized, there was no effect of light on the e.m.f. in perchloric and hydrochloric acid solutions 

“U(VI) U(IV), and the effect was barely noticeable in sulphuric acid solution. The considerable 

light-sensitivity of H.SO, solutions of U(VI) U(IV)'” when bright platinum is used as the redox 
electrode suggests that this is probably a catalytic reaction. 

E.M.F. measurements were made to within 0-1 mV using an RFT 0145 potentiometer Hydrogen 
ion activities were determined with glass electrode, saturated calomel electrode and a valve potentio- 
meter (Radiometer PHM 22p.) 


1) R,. Day, R. WILHITE and F. HAMILTON, J. Amer. Chem. Soc. 77, 3180 (1955). 
S. AHRLAND, Acta Chem. Scand. 5, 1151, 1271 (1951). 
W. M. Latimer, The Oxidation States he Elements and their Potentials in Aqueous Solution. 
Prentice Hall Inc.,. New York (1952). 
H. G. HeAt and I. G. THOMAS, Trans waday Soc. 45, 11 (1949) 
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0-3414 


0-3399 


0-0803 


0-4166 


0-4131 


0-250 362 0-4112 


0-105 )-344 0-4101 
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RESULTS 
Tables 1-3 give the results of measurements and calculation. Values of E are 


corrected for atmospheric pressure and the vapour pressure over the acid solution,‘*-? 


while values of £,’ include the values of a,,+ and correction for the hydrolysis of U4 


rhe measurements of hydrogen ion activity are less reliable at the higher acidities, 
where the saturated solution of KCI does not eliminate the diffusion potential as well 
as in dilute acid solution; measurements of a,,+ were only made to allow the activities 
of H* ions to be equal in both half-cells. In computing £,’ the activities of H* ions, 
calculated from values of activity coefficients” for given concentrations of acid, were 
taken into account. The activities of H* ions in H,SO, were calculated from the data 
of KERKER” and the extent of hydrolysis of U** ions in perchloric and hydrochloric 
acids was calculated from the results of KRAUS and NELSON."“?? 

he ionic strengths of solutions in HCIO, and HCI were calculated assuming that 
all components of the solutions are completely dissociated. The correction resulting 
from the reaction U4 H,O = UOH? H* is small and is about 3-5 per cent for 
the most dilute solution in HCIO,. In hydrochloric acid solutions the influence of 
the reaction U4 Cl- = UCI’* on ionic strength was neglected, since in the range 
of chloride concentrations investigated the equilibrium was shifted to the right 
insignificantly." 

Difficulties arise in sulphuric acid solutions because the strongly complexed uranium 
ions influence the ionic strength to a different extent compared with the free ions. 
Precise calculation is impossible in this case because the dependence of the complexity 
constants on ionic strength is unknown. As a first approximation the concentrations 
of H*, HSO,~ and SO,°~ ions were calculated from the dissociation of sulphuric 
acid,“ assuming that UO,** and U** ions exist in a free state only in very slight 
amounts. 

The ionic strengths of sulphuric acid solutions at the given concentrations were 
calculated from the equation 

m(1 2x) (14) 


where m = concentration of H,SO, in mole I~! 


yz, = degree of dissociation of HSO,-; data were taken from KERKER."! 
The dependence of Ey on 4// is shown in Fig. 1 and 2. In Fig. 1 the curves approach 
each other when 4// — 0 and reach a limiting value of ~0-329 V. 


The equations of these curves at 25°C are 
Ey = 0-3288 +- 0-0112 4/7 — 0-0020/HCIO,) 
E,{ = 0-3288 + 0-0150 4/7 — 0-026 HCI) 
For H,SO, solutions the relationship is nearly linear, and 


E, 


0-4073 + 0-0080 4/7 (17) 
rhese results show the relationship between the standard potential and the ability of 


International Critical Tables Vol. 111 p. 301, 303. McGraw-Hill, New York (1928) 

I. N. PeEArRcE and F. Netson, J. Amer. Chem. Soc. 55, 3075 (1933) 

R. A. Robinson and R. H. Stokes, Electrolyte Solutions, Butterworths Scientific Publications, London 
(1959) 

M. KerKER, J. Amer. Chem. Soc. 79, 3664 (1957) 

K. A. Kraus and F. Ne son, J. Amer. Chem. Sov , 3901 (1950). 
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according to the equations (15) and (16). 
es are the experimental values. 


curve is drawn according to the equation (17). The points 
are the experimental values. 
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anions to form complexes. In the UO,?*—U** couple the oxidation properties increase 
when the anions of the medium form stronger complexes. 

Chlorides react only very slightly with uranium ions®?!*!*) and their total concen- 
tration in dilute solutions is nearly equal to the free ion concentration; the curve 
Ey =f(\/J) in chloride solution thus approaches the curve for HCIO,. In H,SO, 
solutions, even at low acid concentrations there is significant complexing of UO,? 
and U** ions. However, comparison of the stability constants for UO,?* and U** ions 
shows‘) that the concentration of free UO,** ions is considerably greater than that 
of U** ions. This results in a shift of E,’ to more positive values. 


TABLE 4.—DEPENDENCE OF THE EQUILIBRIUM CONSTANT 
OF THE REACTION U* Cl- = UCI** ON IONIC 
STRENGTH OF SOLUTION: 1f 25-0°C 





AE,’ C, 
(mV) (mole I-') 


log K 
1-3* 0-18 0-60 
0-48 0-47 


0:40 





* for +/] = 0-485. 
From equation (13) we can calculate the equilibrium constant for the reaction 
U4 er <2 UCP (18) 


The values of AE,’ and K at suitable ionic strengths are given in Table 4. From the 


Debye—Hiickel theory it follows that 


log K = log Ky —A. Az? 4/J+ BI+ CF? +... (19) 


where 
K, = thermodynamic equilibrium constant 
A,B,C = constants 
For reaction (18) AZ? 8 and 25°C A = 0-509. Hence 


3 


log K 4-072 «/(1) log Ky BI Ci? ne (20) 


By extrapolating the left-hand side of equation (20) to / = 0 we obtain log Ky ~ 0°8 
and K, ~ 6:3. This value is not very precise because of the uncertainty of extrapola- 
tion and of the limited validity of equation (13). A similar value (Ky = 7-0) was 
obtained by KrAus and NELSON”? from spectrophotometric measurements. AHRLAND 
and LARSSON“) obtained K = 2-0 for / 1 and Day et al. K 1-21 for J = 2, 
i.e. lower values than those reported here (Table 4). Correction for the reaction 


(13) §. AHRLAND and R. Larsson, Acta Chem. Scand. 8, 137 (1954). 
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~~ UO,CI* in equation (13) would lead to some increase in K fot 

strengths but would not remove the discrepancy. 

lata on Ey in H,SO, solutions(Table 3) we can estimate the approximate 

ibility constant for the sulphate complex of U**. From (15) and (17) 
between HCIO, and H,SO, solutions and hence obtain K from (13). 

1-0 mole I-*. 


0-02955 log (1 + KC,). 


~ 1 mole l-., hence K = 413 1. mole for the 


compared with previous values of K 330 1. 


PERCHLORIC ACID 


ypies of UO.- 


AS 


U** and H,O the change of entropy in 
7. 7 
27-6 cal mole 


C1, hence 


: 0-6 mV ~¢ 
96.500 ? ()-24 


ion was calculated from data on the heat of solvation 

and the change of free energy measured in 1 M HCI. For 
dependence on ionic strength was neglected and there- 

> entropy of U** ion may not be precise. 

measurements at various temperatures are given in 


B 28, 514 (1950) 
Ba 


Report MDDC, 1543 (1945) 
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TABLE 6.—HYDROCHLORIC ACID 


*349 (mole I~") 0-518 (mole I-*) 


OE, 


0-3041 


0-3396 
0-3330 
0-327] I-18 2952 0-3262 
0-3211 1-2 2 0-3208 


0-3152 


SULPHURIC ACID 


0-515 (mole I~") 0-250 (mole I-') 
ai 
7) 
0-4135 
0-4097 2 ( | 362 0-4112 
0-4058 0-4134 7 ) ) 7 35286 0-408? 
0-4015 0-4095 7§ ) 3544 0-4051 
0:4058 7 366 403 ) 0-4021 
0-4024 362 3 3461 0-3992 
0:3989 70 3581 3421  0-3963 


average 0-60 


The data show a marked influence of the ionic strength on (OE, /0T),. In Table 8 
values are given for (0E,'/0T),, for different ratios of Cyyyp/Cyqy). These suggest 
that this ratio has no influence on (dE, /dT) 

The fall in temperature coefficient of e.m.f. in dilute HCIO, (Table 5) is caused 


not only by the decrease in ionic strength but also by the hydrolysis of U** ions. The 
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entropy of UOH** ions is only —30 cal mole! °C~ and therefore their relatively 
great share in reaction (2) leads to a decrease in (@E,'/0T),. This is confirmed by the 


or sulphuric acid solutions, in which hydrolysis of U** ions does not occur 
where the dependence of (@£,'/07),, on ionic strength is smaller (Table 7). 


TABLE 8 HYDROCHLORIC ACID 


When we compare the values of (GE£,'/0T),, for the systems investigated at ionic 
strength / = 1 we obtain the following results for AS for reaction (2) and for Sys+. 
Values of Sys+ were calculated assuming that Syo.2+ is the same in all three systems. 
rhis is an over-simplification in H,SO, solutions, but we would expect from a com- 
parison of the stability constants for complexes of U** and UO,** in H,SO, that AS 


1 > re Han 
O ne reacuion 


UO,2+ + 4H <> Ut + 2H,0 


is largely due to the change in entropy of U** ion. It may be calculated from the data 


TABLE 9. 


1-00 mole | 





of Day et al. that the entropy of formation of U(SO,), is —80-6 cal mole deg“! 
compared with the value of —83-2 given in Table 2. The discrepancy between these 
two values may be attributed to a lowering of the entropy of the UO,** ion in H,SO, 
solution and suggests that a value of S,., 14-4 cal mole? °C may be more 
realistic in sulphuric acid solutions. 

rhe data in Table 9 confirms the supposition that the entropy of the free ions is 
more negative, because the number of translational and rotational degrees of freedom 
of the ions is diminished by complex formation. 


Acknowledge nt ithor wis! to express his appreciation to Prof. S. Minc for the many 
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OBSERVATIONS ON THE PROPERTIES OF 
PROTACTINIUM (V) IN SULPHURIC 
ACID SOLUTION* 


D. Brown,7 T. SAtTo,t A. J. SMirH and R. G. WILKINS 
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Abstract—Absorption spectra of protactinium (V) in sulphuric acid of various concentrations have 
been obtained. Only one peak was observed and this shifted continuously from 206 my to 222 my 
with increasing acidity. A plateau was noted between 280 my and 300 my for solutions of low acidity 
and this is believed to be associated with hydrolysis products. Observations were made on the 


stability of protactinium (V) in all these solutions. Ion exchange studies were coupled with solvent 
extraction data to provide information on the nature of the complexes in solution. The results suggest 


o 
5S 
5 


that species of charge 1 exist in equilibrium with cationic species over the range 0-1 M to 0-5 M 
sulphuric acid, while at higher acidities further complexing takes place to produce species of 


charge —3 


RELATIVELY little work has so far been reported on the properties of protactinium in 
prof I 


sulphuric acid solution. The absorption spectra of protactinium (V) in solutions of 


varied acidity and sulphate concentration have been examined by ELSON"? and to a 
lesser extent by WeLcu.’ Attempts to reduce protactinium (V) electrolytically are 
also reported by ELson. In addition, recent publications by GUILLAUMONT et al.” 
have dealt with the spectra of protactinium (IV) and (V). BoulssIEREs and HAIssIN- 
sky) first reported the existence of an insoluble potassium sulphatoprotactinate 
which has recently been analysed and shown to be K,PaO(SQ,),.“° In addition to 
their analytical observations on protactinium (V), HAIssiNsky and BOUuISSIERES have 
carried out reductions using zinc amalgam and reported observations on the lower 
valency state in sulphuric acid solutions.”-*) Casey and MappocKk examined the 
extraction of protactinium (V) into di-isopropyl carbinol and postulated that a species 


* Part of a paper presented at the XVIIth International Congress of Pure and Applied Chemistry, 

Munich, 1959. 
Present address: Chemistry Division, A.E.R.E., Harwell, Didcot, Berks., England. 

t Present address: Government Chemical Industrial Research Institute, Hatagaya, Shibuya-ku, Tokyo 
Japan. 
() R, E. Etson, The Chemistry of Protactinium, Chap. 5, p. 103, Nat. Nuc. En. Series IV, 14A (1954). 

McGraw-Hill, New York. 

G. A. Wetcu, Ph.D. Thesis (London) (1956) 

R. GUILLAUMONT, R. Muxart, G. Bourssizres and M. Harssinsky, C.R. Acad. Sci., Paris 248, 3298 
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R. GUILLAUMONT, R. MuxartT, G. Boutssi#res and M. Harssinsky, J. Chim. Phys. 57, 1019 (1960) 

M. Haissinsky and G. Bourssiéres, Bull. Soc. Chim. Fr. 18, 557 (1957). 
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action”®.') and ion exchange! 


solutions up to 6 M in sulphuric acid. Some other observa- 
2,15) in this system have been 


at more information on the nature of the species present in 
is of protactinium (V) could be obtained by combining anion 
it extraction and absorption spectra data. 


with soli ent 


EXPERIMENTAI 


udy and the purification 


The stock solutions were obtained by 


ashing thoroughly with distilled water 
acid-insoluble hydroxide 

solvent 
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Observations on the properties of protactinium (V) in sulphuric acid solution 


The loaded resin was stripped by equilibrating with 5 ml of sulphuric acid solution of the same 
molarity as used to load it. For some solutions it was possible to examine the absorption spectrum 
after equilibration with the resin. In such instances blank solutions were treated with the resin prior to 
measurement of the spectra. In order to minimise hydrolysis of the protactinium (V), the solutions, 
which were prepared by dilution of a stock solution in 6 M sulphuric acid, were contacted with the 


resin 10 min after preparation 


Solvent extraction 

1 ml portions of the aqueous and the organic phases were placed in 7-ml snap-closure polythene 
vessels and mechanically agitated. Benzene was used as an inert diluent for the tri-n-octylamine. The 
shaking period necessary to acheive equilibrium was 20 min (~20°C). The distribution coefficient 
was calculated from an analysis of each of the phases at equilibrium. On the basis of the initial «- 


count of the aqueous phase it was shown that losses during manipulation were negligible 


1 
I 


RESULTS 

Spectra 

The absorption spectra of freshly prepared solutions are shown in Fig. 1. For 
those solutions less than 4:0 M in sulphuric acid the maximum was at 206 my, while 
for the solutions in 5-7 M and 8-8 M sulphuric acid it was at 216 mu and 222 mu 
respectively and rather less sharp. A distinct shoulder was observed between 280 my 
and 300 my for solutions up to 1-0 M in sulphuric acid. No absorption was found 
at wavelengths greater than 340 my for any of the solutions examined. Fig. 2 shows 
the slow change which occurred as the solution in 0°53 M sulphuric acid aged. This 
change is in contrast with the rapid hydrolysis in hydrochloric acid solutions.“*:!° 


All spectra were re-measured periodically and for those solutions less than 2°8 M in 
. 


sulphuric acid similar changes to those shown in figure 2 were observed. In each 


case a plateau developed between 280 my and 300 mw and the single peak shifted to 
213 mu. In addition, losses of protactinium (V) from these solutions were noted over 
this period and these are shown in Table 1. Solutions more than 2°80 M in sulphuric 
acid were found to be quite stable. No plateau was observed and no change of 


protactinium (V) concentration occurred. 


Ton exe hange and solvent extraction 

The results of the anion exchange studies are shown in Figs. 3 and 4. The former 
shows the change in D,, value with increasing sulphuric acid concentration. It is clear 
that even at low acidities there is a strong tendency for protactinium (V) to form 
anionic complexes in this solvent. This, it will be recalled, is in direct contrast to the 
behaviour in hydrochloric acid solutions’®!” and is similar to the behaviour of 
uranium (VI) in sulphuric acid.“*’ The spectrum of a solution of protactinium (V) 
in 1-88 M sulphuric acid after contact with the resin had the same general character- 
istics as the initial spectrum, with a corresponding fall in optical density. Thus it is 
not possible to locate any definite part of the spectrum as being due to the presence of 
anionic complexes of protactinium (V). 

The plot shown in Fig. 4 allows an estimate of the charge on the anionic species 

A. Casey and A. G. Mappock, J. Inorg. Nucl. Chem. 10, 58 (1959) 

K. A. Kraus and G. E. Moore, J. . Chem. Soc. 72, 4293 (1950). 

A. G. Mappock and W. PUGH, . org ucl. Chem. 2. 114 (1956) 


18) K, A. Kraus and F. Ne .son, “Int f aceful Uses of Atomic Energy’ 


page 113. 
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, in H,SO,. H.SO, (1) 0-10 M; (2) 0°5 
3:77 M; (6) 5:72 M; (7) 8-80 M. 


ROTACTINIUM (V) CONCENTRATION AS SOLUTIONS 


AGED 


1 molarity Pa molarity after 15 weeks 
10* 104 


1] 0-72 
0-66 




















] 
50 300 
Wavelength, m 42 
Spectra of Pa(V) in 0-53 M H,SO, 
(1) Initially 
(2) After 15 hr 
(3) After 24 days 
(4) After 10 days 
(5) After 15 weeks 
adsorbed. According to KraAus"®) and also STRICKLAND”® the following relation 


holds, providing certain assumptions are made: 
Log D, b 


Log M, a 


D,, is the distribution coefficient of the metal complex, M, is the concentration of 
the complexing anion, a is the charge of the complexing anion and 5 is the charge on 


the metal complex adsorbed. 

The slopes observed are: 

(a) —1 for the range 0-1 M to 0:5 M sulphuric acid 
(b) —3 for the range 1-4 M to 4-0 M sulphuric acid 


19) J. D. H. StRICKLAND, Nature, Lond. 169, 620, 738 (1952). 
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‘ange, as the competing anion is HSO,., it appears that 
species adsorbed have charges of 1 and 3 respectively. 

1 on Zeokarb 225 is also shown in Fig. 3. The absorption spectrum 
tactinium (V) in 0-33 M sulphuric acid was measured before and 


irb 225. There was no change in absorption character- 


> 


density again corresponded closely to the amount of 

the resin (Table 2). Similar results were obtained for 

cid and successive equilibration of the latter solutions 

ches of resin gave D,, values of 8-0 and 8-3 respectively. It was 

1e Zeokarb 225 immediately after loading produced an 

he strip distribution than for the forward distribution. 

ded resin was allowed to stand overnight, no stripping occurred 

is is caused by hydrolysis of the adsorbed protactinium 

ur more readily with the conditions in the resin than 
acid solutions 


ntitative information concerning the charges of the cationic species present 
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cies (de -acidite 
FF) 

species (Zeokarb 
225) 





2 3 








SO, 
0 


Molarity H2SOq 
at 10 


Fic. 4.—Charges on the protactinium (V) complexes in H,SO,. Pa(V), 3 


PROTACTINIUM (V) ADSORBED BY ION EX- 
TION AT 


DENSITY OF THE SOLt 


TABLE 2.—A COMPARISON OF THE QUANTITY OI 
CORRESPONDING FALL IN OPTICAI 


RESINS AND THE 
225 mu 


CHANGI 





‘. of Pa adsorbed a drop in optical 
Resin indices 
by the resin density at 225 mu 
50-4 
46 


De-Acidite FI 
Zeokarb 225 
Zeokarb 225 ‘ 18-6 
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n can be obtained from the plot shown in Fig. 4. However, it is reasonable 
that such a curve would be obtained if the cationic species contained 
| groups which were successively removed as the acidity increased. The final 


this plot approximates very closely to —5. 


1 extractions from sulphuric acid of different concentrations, using 


LU 


solution of tri-n-octylamine in benzene, are shown in Fig. 5, while the ex- 


f protactinium (V), from constant concentrations of sulphuric acid, by 


} 1 











f protactinium (V), 3-5 10-° M, by tri-n-octylamine. 


varying concentrations of tri-n-octylamine in benzene is illustrated in Fig. 6. Extrac- 
ons carried out to determine the amount of sulphuric acid extracted by the amine 
suggested the formation of (R;NH)*HSO,~ over the range 0-2 M to 3-5 M sulphuric 
acid. Thus, since the slopes of the plots in Fig. 6 are almost unity, and this indicates 
that the extracted complex is associated with one molecule of amine, this is further 
evidence for the existence of a protactinium (V) complex of charge —1. Obviously, 
in the case of an equilibrium between species of charges —1 and —3, the former 
would be extracted by the amine whereas, from the same solution, the latter would be 
preferentially adsorbed on an anion exchange resin. 
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DISCUSSION 
[he spectral observations agree with previous work by ELson'” and the more 
recent publication of GUILLAUMONT ef al. In each of these investigations the 
plateau between 280 mu and 300 my was observed along with the peak shift with 
increasing concentration of sulphuric acid. However, during the present study, it 





ent 


oeffi 


) 
2 
a 
Q 











Extraction of protactinium (V) by tri-n yl >. H,SO, (1) 0:22 M; 
(2) 1-80 M; (3) 3°38 M; Pa(V), 3-5 


was not until the solutions had aged that the peak was observed at 213 mu. As 
mentioned earlier, this peak, for solutions below 4-0 M in sulphuric acid, was initially 
found at 206 mu. 

The spectral changes and concomitant protactinium (V) losses (Table 1) would 
appear to indicate that hydrolysis of the protactinium (V) had occurred to a certain 
extent in those solutions below 3-0 M in sulphuric acid. If this is correct the plateau 
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is almost certainly characteristic of the hydrolysed 
ulphuric acid solutions. Unlike the behaviour observed 
ydrochloric acid‘! the hydrolysis in sul- 

viously the sulphate complexes are more stable than 

id anion concentrations; these complexes are 

s in solutions greater than 3-0 M in sulphuric acid. 

he interpretation of the ion exchange data, 

ive been used, is to what extent the prot- 

possible cause of the discrepancy between the 
ficients for Zeokarb 225 has already been mentioned. 
rvations it is believed that hydrolysis had occurred to only 

[here is obviously a rapid equilibrium between anionic and 

d sulphate solutions. The reproducible D,, value, noted 

um (V) in 0-1 M sulphuric acid, with successive batches of resin and the 

e spectra before and after equilibration are evidence against the presence 

lysed species. In addition, stripping of the loaded anion resin, e.g. using 

huric acid solution, gave a value in agreement with the forward dis- 
coefficient, suggesting that the protactinium (V) adsorbed (96 per cent) was 
anionic form. That is to say, the adsorbed material was not partly colloidal. 

tra of solutions below 1 M in sulphuric acid do, however, suggest that 
hydrolysis had occurred in the freshly prepared solutions but the changes 
allowing such solutions to age indicate that the extent of such hydrolysis 

There is obviously a very strong tendency for protactinium (V) to form anionic 
Iphate complexes, and, at least for solutions below 2-6 M in sulphuric acid, these 
> in equilibrium with cationic species. The shift of the 206 mu peak with increasing 
ncentration of sulphuric acid (Fig. 1) suggests that the nature of species in solution 
hanging. This supports the anion exchange results which indicate that complexes 
1 charges of —1 and —3 are formed. Also the solvent extraction data (Fig. 6) 

> that species of charge —1 are present in solutions up to 3-4 M in sulphuric 

It is suggested therefore that over the range 0-1 M to 0-5 M sulphuric acid there 


juilibrium between anionic complexes of charge —1 and unidentified cationic 
Further, in solutions between 1 M and 4M in sulphuric acid, there exist 


nionic complexes of charges | and —3 with possibly some cationic species. 


Further evidence has been provided by Casrty and MAppock™? who suggest, from 

‘f solvent extraction studies, that in solutions below 6 M in sulphuric acid 

exists an anionic complex of charge 1. At acidities in excess of this it is 

ved that further complexing occurs, possibly producing a complex of charge —3. 

lata are consistent with the organic phase containing Pa(SO,),~ and the aqueous 

hase Pa(OH),(SO,),~. The analysis of the potassium sulphatoprotactinate indicates 
sshly precipitated material is K,PaOQ(SQ,)s.°° 

ilphate complexes of protactinum (V) having the above charges can 

It is obviously not possible, with the evidence available, to predict 

any certainty what these species are likely to be. However, on the basis of the 


of the potassium sulphatoprotactinate one possible equilibrium would be: 


PaO, (SO,)- + 2 HSO,- = PaO (SO,),*- + H,O 
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10] 


In such an instance the singly charged complex would eith from a 
polynuclear cation or by the reaction 


PaO, (OH) HSO, » PaO, (SO,) H,O 


A further possibility whic satisfy solvent extraction and ion exchange data is 


shown below. 


Pa (OH), 2 ) Pa (OH),(SQ,), 


Pa (OH).(SO,). Pa (SO,),3 2 H,O 


Obviously many further variations can be 


suggested and it appears more reasonable 
to suggest general formulae for the complexes 
Spe cles of « harge 


[PaO,(OH),, (SO,); . (H,O),] 


Species of ¢ harge 


[PaO,(OH),, (SO,), . (H,O), 


OT o2: x 4 
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STERIC EFFECTS IN SOLVENT EXTRACTION OF 
YTTRIUM AND LANTHANUM BY HYDROGEN 
2-ETHYLHEXYL PHENACYLPHOSPHONATE 
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Western State College, Gunnison, Coloradot 
(Received 28 April 1961) 


Abstract—Solvent extraction techniques were used to study the effect of steric crowding at the central 
metal atom for compounds formed from lanthanum or yttrium and hydrogen 2-ethylhexyl phenacyl- 
phosphonate. Compounds tentatively identified were YR;, YHR,, LaR, and LaHR,. The solvate of 
the lanthanum chelate was formed more easily than the corresponding yttrium compound. 


THE stability of the lanthanide complexes have been correlated with such factors as 
ionic size, atomic number, electron configuration and steric hindrance. PEPPARD") 
et al. demonstrated that the distribution of the lanthanide nitrates between an organic 
solution of tributyl phosphate and water approximated a composite of two straight 
lines meeting at gadolinium on a plot of log distribution versus atomic number. 
KETELLE and Boyp® compared ionic radius with the stability of the lanthanide 
chelates. In general the smaller ionic radius was associated with the stronger com- 
plexes. The discontinuity at gadolinium® of many plots of the chelate stabilities 
versus atomic number was ascribed to the particularly stable half filled 4f subshell. 
WHEELWRIGHT™ explained this discontinuity for the ethylene diamine tetra-acetic 
acid chelate of the rare earths in terms of steric hindrance. GRENTHE®) determined 
the stepwise stability constants of the lanthanide dipicolinates and found that the 
stability of the complexes with one and two groups increased with atomic number. 
The stability constant for the addition of the third group increased to terbium and 
decreased after dysprosium. He concluded that steric crowding was responsible for 
the discontinuity. VAN TASSEL et al.‘ prepared both ScHR, and ScRg, for the 
sterically hindered 2-methyl-8-quinolinol chelate. Only the ScHR, chelate was 
prepared from the less crowded compound of 8-quinolinol. WARREN and SuTTLe"? 
identified the following series of extractable chelates of the Group IIIB ions with 
dihydrogen n-alkyl phosphates: ScR3, YHR, and LaHR,y. The variation of the 
formula with the ionic size suggested that steric relationships were a limiting factor. 

Effects such as ionic size, atomic number and electron configuration are, of 
course, properties of the elements studied and are not subject to experimental varia- 
tion. Steric hindrance, however, is dependent upon size, number and kind of chelate 


* Present address: Colorado State University, Fort Collins, Colorado. 
t Work performed under contract with the U.S. Atomic Energy Commission (AT(11-—1)—749). 
(1) PD, F. Pepparp, W. J. Drisco.i, R. J. SrRONEN and B. McCarty, J. Jnorg. Nucl. Chem. 4, 326 (1957) 
2) B. H. KeTeLc_e and G. E. Boyp, J. Amer. Chem. Soc. 69, 2800 (1947). 
S. G. THompson, B. B. CUNNINGHAM and G. T. SEABORG, J. Amer. Chem. Soc. 72, 2798 (1950). 
(4) BE, J. WHEELWRIGHT, F. H. SpeppDING and G. SCHWARZENBACH, J. Amer. Chem. Soc. 75, 4196 (1953). 
(5) 7, GRENTHE, J. Amer. Chem. Soc. 83, 360 (1961). 
(6) J. H. VAN TASSEL, W. W. WENDLANDT and E. Sturm, J. Amer. Chem. Soc. 83, 810 (1961). 
(7) C, G. WARREN and J. F. Suttie, J. Inorg. Nucl. Chem. 12, 336 (1960). 
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he central metal and is, therefore, subject to a certain amount 
[he purpose of this investigation was to study the 
the solvent extraction properties of the Group LLIB ions. 
id was used for this investigation because previous 
group possessed the correct size in relation to 
used had the structure, HO(C,H,,O)P(O)CH,- 
1 the name, hydrogen 2-ethylhexyl phenacylphosphonate. The symbol 

for the compound was HEhPP. 
action techniques were used to identify the compounds formed. The 
f the radioactive metal between an aqueous phase and an organic phase 
‘lated with the concentration of both the reagent and the nitric acid. The 
reaction was then determined by the methods outlined by MARTELL and 

CALVIN® 


Cyclohexanol was used as the organic solvent instead of several other possibilities. 


Polymerization in the non-hydrogen bonding solvents such as benzene and cyclohex- 


} 


anone obscured the fundamental reaction. The solubility of the scandium chelate 


was limited in n-hexanol. 
EXPERIMENTAL 


brated distribution of the components in a system containing water, cyclohexonal and 

tities of both nitric acid and HEhPP was determined by chemical analysis. The distri- 

idioactive metal ion in a system identical to the one previously analysed was determined 
procedures 


f nitric acid. Equal volumes of cyclohexanol which was previously saturated with 


1 mechanical shaker for 15 min. The mixture was centrifuged for 2 min, and samples of 

h phase were removed for analysis. The samples were titrated with standardized sodium hydroxide 

lution using a Beckman Zeromatic pH meter to determine the endpoint. The cyclohexanol samples 

igorously stirred with at least three volumes of water during the titration. This procedure failed 

1 concentration in the organic phase was less than 0-02 molar. The nitric acid 

nalytical procedure compared favorably with the quantity used. The recoveries 

re 100-1 per cent for the higher acid concentrations and 104 per cent for the lower concentrations. 

1 values were used for the lower concentrations of nitric acid since the analytical results were 

The experimental results were analysed according to the method of least squares.'®’ The 
soverning the distribution is given in equation (1) 


Log [HNO ]o 1-51 Log [HNO3].. — 0-298 (1) 

d was established for a similar system containing HEhPP. The organic 

ghed amounts of HEhPP with cyclohexanol] which was saturated 
phase were equilibrated and analysed as previously described. 
hase checked with the previous results, but the presence of the 
nation of nitric acid in the organic phase. The equality of the 
ac phase for the two experiments indicated that the previous 


ining HEhPP and that HEhPP was not appreciably soluble 


qual volumes of the aqueous phase and the cyclohexanol 
ambda of the radioactive metal stock solution was then 
igitated for 15 min in a mechanical shaker. he tubes 


ples of each phase were removed for radiochemical analysis. The 


ration of 10-** M and 10°° M respectively in the aqueous phase 
fetal Chelate Compounds. Prentice-Hall, New York 


New Jersey (1960) 
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before equilibration. Variation of the concentration by a large factor did not alter the distribution 
of these ions in the extraction system. Room temperature, 25 3°C, was used for all extractions. 

Radiochemical procedures. The y-emitters were counted by means of a scintillation crystal-photo- 
tube assembly while the /-emitters were counted by means of a Geiger tube. Scandium-46 and 
lanthanum-140 were 7-emitters. Their samples were diluted to a standard volume with acetone in the 
counting tube, and the apparent radioactivity of the solution was determined directly. The yttrium-91 
was a /-emitter, and these samples were precipitated as the oxalate before radiochemical analysis 
One ml of acidified yttrium oxalate carrier was added to the radioactive samples and then 
slowly neutralized with ammonia. After digestion at room temperature for 1 hr, the samples were 
filtered on to a small circle of filter paper and mounted on a cardboard square for counting. The ratio 
of the apparent radioactivity of the two phases was taken as the ratio of the concentrations of the 
metal in the opposing phases. 

Reagents. In general analytical grade reagents were used throughout this work. The HEhPP was 
prepared according to a method reported by WARREN and STANBERRY."®’ The HEhPP used in this 
investigation was prepared by a 6-45 N hydrochloric acid catalysed hydrolysis and was about three 
months old. The radioactive materials were obtained from the Oak Ridge Nuclear Corporation, 
Oak Ridge, Tennessee. The corresponding inactive metal oxides were obtained from the Fairmount 


Chemical Company, Newark, New Jersey. 


RESULTS AND DISCUSSION 

The distribution of scandium, yttrium and lanthanum between two immiscible 
phases was determined at various concentrations of the nitric acid in the aqueous 
phase and of the HEhPP in the cyclohexanol phase. The dependency of the distribu- 
tion of the metal on the various reagent concentrations was equated to the coefficients 
of the reagents in the chemical equation of the extraction reaction. 

Mathematical methods. The experimental results were interpreted in terms of the 
generalized reaction given by equation (2). It is 


M3: + rHEhPP,,. = H,_,M(EhPP),,.. + hH;’) 


recognized that certain restrictions, such as h must equal three, were implied by this 
equation. It seemed more appropriate, however, to experimentally verify the 
restrictions as far as possible. Equation (3) gives the equilibrium constant equation 
of the overall reaction while equation (4) gives its logarithm. 


[M], [Hy | [H*];, 


= it (3 
[M*+],, [HEhPP]; [HEhPP]; 





log D = r log [HEhPP], — / log [H*],, + log k (4) 


The raw data were analysed according to a least squares method”? to determine the 
regression plane corresponding to equation (4). 

Graphical representation of the data is given in Figs. 1 and 2. According to the 
slopes of the lines on the graphs, different species of the complexed metal ion were 
extracted at different concentration of the reagent. The data for the different extraction 
mechanisms were separated according to the positions in Figs. 1 or 2, and each group 
was analysed separately. 

Extraction of the Group IIIB ions. The two methods used to study the reversibility 
of the extraction reaction were the effect of time and the approach of equilibrium 
from different directions. The extraction of lanthanum from the aqueous phase gave 


C. G. WARREN and R. L. STANBERRY, Western State College Report to the AEC, September 1961 
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the extraction of lanthanum from the organic 

yr those samples which had been dissolved in the organic 
Solution of the lanthanum in the cyclohexanol 
gave somewhat higher distribution coefficients. 

n lasting several days always gave higher 

tandard 15 min equilibration time reported in this 





I Che distribution of lanthanum 


at various concentrations of HEhPP. Line a separates 

two areas of stability for the two complexes, upper LaHR, and lower LaR,. The remaining 

S represent various concentrations of nitric acid; 5, 0-563 M, c, 0-308 M, d, 0-193 M, 
e, 0-131 M and f, 0-0693 M. 








f yttrium at various concentrations of HEhPP. Line a separates the 

two complexes, upper YHR, and lower YR;. The remaining lines 

tions of nitric acid; 5, 0-563 M, c, 0-468 M, d, 0-308 M, e, 0-193 M 
f, 0-131 M and g, 0-0693 M. 


, 


paper. Yttrium previously dissolved in the organic phase for periods of 8 min gave 
slightly hi 


gher distribution coefficients than extraction from the aqueous phase. The 
n coefficients for both lanthanum and yttrium were reproducible when 
of the experiment were carefully controlled. The distribution of scandium, 
was not reversible, and identical experiments did not always give the same 
rhe data reported are for the extraction of the metal ion from an aqueous 


solution after agitating it for 15 min in a mechanical shaker. 


distrib 
condalit 
howe’ 


results 


The extraction of lanthanum followed two different reactions, depending upon 
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the concentration of the HEhPP, as indicated by the regression planes of equations 
(5) and (6). 
log Dy, 2:19 log [HEhPP], 2°61 log [H*] 2:07 


log D,, = 3°62 log [HEhPP] 2°88 log [H*] 1-47 
The extraction of yttrium followed the expressions of equations (7) and (8). 
log D, 3-02 log [HEhPP], — 2°50 log [H*] 0-917 
log D, 3-76 log [HEhPP], — 2-60 log [H*] 0-801 (8) 


Although the coefficients were not whole numbers as required by the ideal case, they 
were sufficiently close to the restrictions imposed for a balanced chemical reaction 
and the extraction of a neutral species that tentative values were assigned. The 
coefficient of log[H] was the number of hydrogen ions produced in the extraction 
reaction. As indicated, this coefficient should have a value of three. The average of 
the four determinations for both lanthanum and yttrium was 2°65 which was close 
enough to three when the approximations of the method were considered. The 
coefficients of logj HEhPP] were the number of reagent molecules involved in the 
extraction reaction. The experimental values for equations (5) and (7) supported 


the reactions indicated by equations (9) and (10). 
La® 2HEhPP La(EhPP), +- 3H (9) 
y? 3HEhPP = Y(EhPP), + 3H (10) 
The extra hydrogen for the lanthanum extraction presumably came from the enol 
form of HEhPP. The following structures were suggested by the reactions. The 
coefficients of log[ HEhPP] in equations (6) and 


o 


6 








C.H,-O ‘=H, OC,H,. 


(8) were sufficiently close to a value of four that the following reactions were ten- 
tatively assigned. 
La® 4HEhPP La H(EhPP), 3H (11) 
ys 4HEhPP YH(EhPP), 3H (12) 


The stability constant for the stepwise addition of the last reagent molecule could 
not be determined for lanthanum since two molecules were added simultaneously 
under the conditions of the experiment. The logarithm of geometric mean of the 
stability constants for the addition of the third and fourth group was used in order 


to obtain a number to compare with the corresponding yttrium reaction. The adjusted 





and (14). According to the stability 


(13) 
YHR, log k “| 4) 


This conclusion was also supported by 
latively high concentration of reagent was required to 


YHR, 


Lower concentrations of the HEhPP were 


CONCLUSIONS 
- organophosphorus reagents the HEhPP did not separate 
his fact was explained in terms of two opposing 


forces preferentially stabilized the chelate of the smaller 


crowding, however, selectively hindered chelate formation of the 


The two effects partially cancelled one another leaving the yttrium 


ger than the lanthanum solvate with respect to the metal 


[he formation of the solvate by the reaction of the neutral metal chelate and the 


t 


lecule of HEhPP did not involve strong coulombic forces. Thus, differ- 


bit « 


id 


ince. 


lition of the last reagent molecule were more directly dependent on 


rhe greater stability of the lanthanum solvate over the correspond- 


pound with respect to the neutral chelate molecules was explained 


i 


concept. 





THREE PHASE FORMATION IN THE SYSTEM 
HYDROCHLORIC ACID-WATER-TRI-n-BUTYL 
PHOSPHATE-DILUENT* 


E. Foa, N. ROSINTAL and Y. MARCUS 
Israel Atomic Energy Commission Laboratories, Rehovoth, Israe 
( Re cell ed 17 ‘ 1p) il 196] ) 
Abstract—The formation of three liquid phases in the quaternary system hydrochloric acid—water 
tri-n-butyl phosphate (TBP)-diluent was studied. The adduct TBP-HClI which is possibly hydrated 


was identified by its infrared spectrum, and its stability measured. The solubility of this adduct in 


a TBP-diluent system was studied as function of diluent composition, concentration and temperature. 


THE appearance of two liquid organic layers in the quaternary systems water 
electrolyte-TBP-—diluent has been noted by a number of authors.“~” In particular, 
IRVING and EDGINGTON™ and KerTES™? studied the system where the electrolyte was 
hydrochloric acid, although they stressed those conditions under which a single 


organic phase exists. The purpose of the present work was to investigate the nature 


of the two organic phases and the conditions required for their formation. 


METHOD 


Reagents. Distilled water, purified TBP from J. T. BAKER and analytical grade hydrochloric acid 
and lithium chloride were used. The diluents included n-hexane (b.p. 69°C), iso-octane (b.p. 94°C), 
petroleum ether (b.r. 100-140°C), kerosene (b.r. 130-170°C), dodecane (b.r. 185-195°C) and heavy 
kerosene (b.r. 230-310°C). The last four diluents were distilled in the laboratory from commercial 
solvents, and the indicated fractions used. 

Procedure. Equilibrations between the aqueous phases and organic phases pre-equilibrated with 
water were generally conducted at 35°C. After centrifugation, the phases were sampled and analysed. 
Acidity was determined by titration with a base to the phenolphthalein end point, the organic sample 
being diluted with isopropanol. Chloride content was determined either by a Mohr titration, or 
potentiometrically according to FREEDMAN.‘*’ Lithium was determined either flame photometrically, 
by weighing as the sulphate, or by the difference in chloride and acidity determinations. Water 
content was determined by a Karl-Fischer titration. 

For experiments requiring anhydrous conditions, TBP and kerosene were dried with anhydrous 
magnesium and calcium sulphates, and gaseous hydrogen chloride obtained from a cylinder 
(Mathieson Co.) was used. To study the stability of TBP-hydrogen chloride adducts, nitrogen was 
bubbled at a constant rate through the solution in a vessel which permitted accurate sampling of all 
phases without loss. The rate of decomposition was followed conductometrically and analytically. 


* Presented in part at the XX VIIth meeting of the Israel Chemical Society, cf. Bull. Res. Counc. Israel, 
9A, 249 (1960). 
{) H. Irvine and D. N. Epoincton, J. Inorg. Nucl. Chem. 10, 306 (1959). 
2) A. S. Kertes, J. Jnorg. Nucl. Chem. 12, 337 (1960). 
{3} S. S. GRIMLEY and J. KENNEDY, AERE/CE/M-76 (1953). 
{) K. ALCOCK, S GRIMLEY, T. V. HEALY, J. KENNEDy and H. A. C. McKay, Trans. Faraday Soc. 52, 39 
(1956). 
T. V. Hearty and H. A. C. McKay, Trans. Faraday Soc. 52, 633 (1956). 
L. L. BurGer, J. Phys. Chem. 62, 590 (1958). 
Y. L. Gat and A. Ruvarac, Bull. Inst. Nucl. Sci. “Boris Kidrich”’, Belgrade 8, 67 (1958). 
R. W. FREEDMAN, Analyt. Chem. 31, 214 (1959). 
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rates this reaction, for a solution initially about 3-2 M in hydrogen chloride and 


illust 
9-6 M 
tight 


posit 
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Lao 
paration of a second organic layer was not observed with 
1.4) The 
showed an upper critical solution temperature; n-hexane 
- at OC, iso-octane at 5°C, kerosene at 10°C, and heavy 


decane no upper critical solution temperature was 


romatic hydrocarbons at ordinary temperatures. ' 


. The infra-red spectrum of the lower organic layer obtained 
oric acid~TBP-heavy kerosene system was determined. It showed 
1ing of lines given by mixtures, and a particular line at 2375 cm~ 
O—H group. It did not show the line at 1285 cm ' peculiar 


which was found when TBP was used alone or dissolved in 


ts are interpreted as showing the existence of an adduct TBP.HCI, 1.¢ 

in addition to uncombined TBP in this 

e. The adduct is not dissociated, as is shown by the low conductivity, 
the low dielectric constant. 


f the lower organic |} . The nature of the lower organic phase was 
- studied by bubbling ‘eeu nitrogen and following its decomposition. Fig. | 


in TBP. The rate of decomposition is rapid at first, when presumably less 
bound, or perh¢ ge molecularly dissolved, hydrogen chloride escapes. Decom- 


ion becomes much slower, beyond an approximate molar ratio of unity, due to 
the Sta 


bility of the TBP.HCI adduct. 
the lower organic phase. \f the vapour phase and pressure are 


e phase rule predicts a variance of three; there being four components 
At a given temperature, therefore, the state of equilibrium will 


he concentration of any two components, and a constant composition of 
should not be expected if these concentrations vary. For example the 
> lower organic phase may be stated in terms of the concentration of 
1 in the aqueous phase, and of TBP in the lower organic phase. 
nalytical composition of the lower organic phase (x being the mole 


Hog 0-01. 


1 


ly a solution of hydrogen chloride in the hydrated TBP.HCI 
small amounts of diluent, is dealt with. However, two organic 

he absence of water, when hydrogen chloride gas is bubbled 
mixtures. The lower organic phase need not therefore, be 


and its presence is not essential for the formation of a 1:1 


adduct. Fig. 2 shows that the solubility of the TBP—HC 
y depends on the amount of excess TBP it contains. 
3, €.2 5 per cent or 0-19 M, the limit of solubility is never 
chloric acid concentration, and only a single organic layer is 

ier TBP concentration (20 or 40 per cent, 0.75 or 1.50 M) 


? nre th r th 5 here 
19¢ hors express their thanks her 
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show an approximately third power dependence on the concentration of free TBP, 
and may be interpreted in terms of the formation of 


[(C,H,O), P—O... 


at low hydrochloric acid concentrations. The large number of alkyl groups would 


ae oa ' ” <* s — 
} 





RATIO OF HCl TO TBP IN LOWER ORGANIC PHASE. 


Fic. 1.—The rate of decomposition of a lower organic phase, containing initially 2-6 M TBP 
and 3-2 M HCl, as a function of composition. The decomposition was achieved by bubbling 
through Ng. 


make this soluble in the diluent. When this limit is exceeded, at concentrations of 
hydrochloric acid in the organic phases of 0-25 and 0:50 M respectively, and in the 
aqueous phase of 6-7 M, an adduct TBP.HCI.H,0 separates out as a second organic 
layer. 

The solubility limit may also be exceeded when the required amount of hydrogen 
chloride is salted out into the organic phase from aqueous solutions containing 
relatively little hydrochloric acid, by a high concentration of another chloride, such 
as lithium chloride (Fig. 3). 
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excess TBP dissolves in the adduct with sufficiently high TBP concen- 
reas the rest remains in the diluent. When hydrogen chloride is in 
es in the adduct. The molar ratio of TBP:HCl in the lower 

' ge from about 1-6-0-6. 


OF HC 


erm and dodecane diluent, as function of initial TBP 
Above the solubility limit two organic layers (full symbols) are 


gle one (open symbols). 
DISCUSSION 
There can be little doubt that an adduct TBP.HCI which is possibly hydrated is 
analogous to the generally accepted TBP.HNO,. This adduct separates 
out when its limited solubility in the diluent-excess TBP system is exceeded. It has, 


however, not been proved unequivocally that definite complexes of a molar ratio 
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HCI: TBP larger than unity are formed. It is also difficult to envisage their structure, 
the C—O—P oxygen being much less basic than the P—O oxygen. The role of the 
water extracted may be explained in terms of an unstable adduct with a molar ratio 
HCl:H,O:TBP of 1:1:3. The ability of the polar adduct, which is moderately 
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EQUILIBRIUM AQUEOUS MOLARITY OF Cl 


Fic. 3.—Phase diagram of the system LiCI-HCI-H,O-TBP(20 %,)—heavy kerosene at 
few values obtained at 20°C fall on the same line). 


insoluble in the non-polar hydrocarbon, to dissolve excess TBP or hydrogen chloride, 
which are very polar compounds, is not surprising. Hence the varying molar ratios 
in the lower organic phase. 

Under appropriate conditions, the adduct may be separated out as an almost 
pure compound, similar to the iron (III) chloride-TBP adduct proposed by GRIMLEY 
and KENNEDY? for separating TBP from kerosene, or to the many metallic nitrate 
solvates isolated. The compound isolated in this case may be anhydrous unlike the 
solvates apparently isolated with pure TBP.“ 

The limited solubility of the adduct in kerosene, and the behaviour of the various 
other diluents may perhaps be best explained by the “solubility parameter” concept 


5 
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[he critical solution temperature may be expressed as follows: 


5.)(V, + V2)/4R (1) 


parameter of a component, given by +/(AL,/V), L, is the 
the molar volume and R the gas constant. Inserting the 
various diluents (interpolated from data for the hydro- 

11), the critical temperatures given above, and the value 

molar weight for TBP.HCI is 302, density between 0-98 and 


for Ad for all diluents for which the three phase formation 


e aliphatic hydrocarbons concerned have 0, values of 7-6—8-1, and 


vhich only one organic phase is formed have 0, values such as 8-6 for 


‘ide, 8-9 for toluene, 9-1 for benzene and 9-3 for chloroform. If a 
>d to 0, of the adduct, the behaviour of the different types 


lerstood, although the direction of variation of 7, with 0, isanomalous. 


nks to Mr. M. ZANGEN and Dr. A. HELLER for many 


lectrolytes (3rd Ed.) Reinhold, New York (1950) 
Amer. Chem. Soc., Washington D.C. (1959) 
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ON THE EXTRACTION OF WATER FROM SULPHURIC 
ACID SOLUTIONS INTO TRI-N-BUTYL PHOSPHATE 


ELFRIEDE BRAUER* and ERIK HOGFELD1 
Department of Inorganic Chemistry, Royal Institute of Technology, Stockholm 70, Sweden 


(Received 29 May 1961) 


Abstract—Using dilute solutions of TBP (1-5 per cent) in kerosene and in benzene (1 per cent), a 
maximum in the amount of water extracted from sulphuric acid solution is obtained at about 5 M 
H,SO,. This behaviour can be explained by assuming the following main reaction: 


TBP(org) + 2H*(H,O),(aq) + SO,’-(aq) = TBP-(H,O),°H.SO,(org) 


with an equilibrium constant of ~10~° in kerosene. However, other compositions for the hydrated 
protons cannot be excluded, e.g. H*(H,O); and H*(H,0),. 


7.4 | 


5—10 per cent) in kerosene the main reaction seems 


At somewhat higher concentrations of TBP ( 


to te 
TBP(org) + H,O(aq) = TBP-H,O(org) 
in the range 2-5 M [H,SO,]aq 6 M, with an equilibrium constant of ~107. 
For each dilution of TBP in kerosene the amount of acid extracted per mole of TBP tends towards 
a limit of several moles of H,SO, per TBP, the number increasing with the dilution of TBP. 


IN recent years evidence has been gathered from widely different sources of 
information,!~° showing that the proton exists in dilute and moderately concentrated 
solutions mainly as H*(H,O),. One of the methods used is solvent extraction, by 
which it has been found that the proton often carries four water molecules into the 
organic phase. Typical examples are those reported by Tuck™ and by Kertes"®, 

In the extraction of water from sulphuric acid solutions one would expect eight 
water molecules to be extracted per mole of acid if the protons each carry four water 
molecules into the organic phase. In order to investigate this hypothesis, it was decided 
to study the extraction of water H,SO,-H,O mixtures into various kerosene dilutions 
of TBP (tri-n-butyl phosphate), which is known to be a good extractant for acids. 
rhe only study of extraction from sulphuric acid solutions into TBP known to the 
present writers is that by HEsrForD and McKay". In it, however, other diluents were 
used, so that no direct comparison can be made with the present work. 


EXPERIMENTAI 


Materials. TBP supplied by Kebo AB, Stockholm, was purified as follows: an equal volume of 
4% NaOH was added and the mixture vigorously stirred for several hours; 4% KMnO, was then 
added dropwise to the mixture, still vigorously stirred, until its colour remained violet. The TBP 
phase was washed first with 0-1 M HNO, and then with distilled water until its reaction was neutral. 


* Present address: Eduard Zintl Institute, Technische Hochschule, Darmstadt, Germany 


1) —. GLUECKAUF, Trans Faraday Soc. 51, 1235 (1955). 
2) (a) R. N. Bascomse and R. P. BELL, Discussions, Faraday Soc. 24, 158 (1957): 
(b) C. L. VAN PANTHALEON VAN Eck, H. MENDEL and W. Booa, ibid. 200 
3) E. Wicke, M. EIGEN and TH. ACKERMANN, Z. Phys. Chem. N.F. 1, (1954) 340. 
(4) D. G. Tuck and R. M. DIAmMonp, Proc. Chem. Soc. 236 (1958). 
A. S. Kertes, J. Inorg. Nucl. Chem. 14, 104 (1960). 
6) EF. Hesrorp and H. A. C. McKay, J. Jnorg. Nucl. Chem. 13, 156 (1960). 
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d TBP phase (composition TBP-H,O) various dilutions of TBP in kerosene 
nts were performed with 10, 7-5, 5, 2-5 and 1% TBP in kerosene (best 


[BP in benzene (benzolum crystallisable, Merck p.a.) H,SO, was the 


ng the different dilutions of TBP in kerosene were shaken with 

10 hr in a room kept at 25-0 0-3°C. The samples were then allowed 

ir. No third phase like that noted by Hesrorp and McKay'®? was obser- 

due to differences in the composition of the kerosene used in the two investiga- 
sles were centrifuged for 5, 10 and 20 min at 3500 rpm to check the efficiency of 


The same results, within the limits of experimental error, were obtained with or 


tent of the organic phase was determined by Karl Fischer titration according to the 
f JOHANSSON and later developments.‘*:*’ The acid content in both water and organic 
vas determined by titration with 0-1 M NaOH. In order to see whether any acid was extracted 
tself some experiments were performed with pure kerosene and sulphuric acid solutions 
( ntrations. No measurable amount of acid was found in the organic phase below 

13 M H,SO,. The amount of water extracted by pure kerosene was found to be negligible. 
A few experiments on the extraction of *4Na (7 15-0 hr) showed that within the limits of 


nental error no sodium was extracted into TBP-H,O([Na*]org/[Na*]ag ~ (1 1) 10~*), nor 


to | [BP in kerosene, neither from pure 50 mM sodium sulphate solution nor from mixtures of 


solution with sulphuric acid 


RESULTS AND DISCUSSION 


In the following it is convenient to discuss the extraction of acid and water 


C 


separately. 


The extraction of acid 

\t all dilutions it was found that amounts of acid measurable by the titrimetric 
method begin to be extracted at about 6-5 M H,SO,. After a steep initial increase, 
[H,SO,].,,... levels off at higher acidities and seems to reach a limiting value when the 
ratio [H,SO,4]or¢/[TBP]org is plotted against [H,SO,],, (Fig. 1). In calculating this 
ratio volume changes have been neglected, since they would be expected to be small at 
the dilutions used in this investigation. A few density measurements were performed 
on the organic phase with 10° TBP for different concentrations of H,SO,; the density 
variations were small and can to a first approximation be neglected. 

The above ratio appears to approach a limiting value of several moles of H,SO, 
per mole of TBP, the number increasing with the dilution of TBP in the kerosene phase. 


The extraction of water 


[In Fig. 2 the ratio 


| [HO] total 
[TBP] total 


org 

is plotted against the equilibrium molarity of acid for five dilutions of TBP in kerosene. 
While the curves for 10 and 7-5°, TBP show a minimum those for 5, 2:5 and 1° TBP 
have a maximum at nearly the same concentration. Solutions with 10 and 7-5% TBP 
will be considered first. 


s late 1 experiment was performed with a 10 per cent solution of TBP in the same 
s case a third phase appeared. This is difficult to explain, but might be due to changes 
1 standing 4 
ensk Papp-Tidn. 50, No. 11 B, 124 (1957). 

rivate communication (1960). 





On the extraction of water from sulphuric acid solutions into tri-n-buty] phosphate 


a. 75% TBP. In the concentration range 2-5-6 MH,SO, the data are 
consistent with the formation of TBP-H,O. As shown in the following section mixed 
complexes of the type TBP.H,O-H,SO, require a maximum in y and thus cannot 
explain the monotonously decreasing values of y for 10 and 7:5% TBP below 
6-5 M H,SO,. In Table 1 the equilibrium constant K, for the reaction: 


BP(org) + H,O(aq) = TBP-H,0O (org) (1) 


is evaluated for the two dilutions, using water activities discussed in reference” 

















[H,SO, ] ., 


Fic. 1.—The ratio ([H,SO,]/[TBP]) in the organic phase versus the equilibrium molarity of 
acid in the aqueous phase, [H,SO,] (aq), for several dilutions of TBP in kerosene. 10 
2°50 “4e 


os 5% A 25%, 17. tee 


varies only slightly for the 10 per cent solution, while there is an obvious trend in the 
data for the 7-5 per cent solution. This might be due to the influence of other reactions 
which have been neglected here, such as those responsible for the maximum at the 
higher dilutions. Furthermore, more than one mole of TBP might enter into the 
complex, although it was not possible to evaluate this number from the present data. 

The increasing amount of water extracted above 6 M H,SO, is likely to be 
associated with TBP-H,O-H,SO, complexes. Over this concentration range the 
organic phase changes from one containing TBP with a few per cent H,O to one with 
several H,SO, per TBP. No simple mechanism could be devised to account for this 
behaviour. 

b. 5-1°, TBP. The maximum in the amount of water extracted is found at about 
5 M H,SO, for all three dilutions. The existence of a maximal water uptake is likely 
to be due to the formation of a TBP-H,SO,—-H,O complex. Assume for the sake of 


{9) EF, HOGFELDT, Acta Chem. Scand. 14, 1592 (1960). 
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((H.O]/[TBP]) (org) versus the equilibrium molarity of acid in the 


). for several dilutions of TBP in kerosene. 
1 curve 10%, @7:5%; > To 2 


l TBP in benzene (y/3). 


vy/3 for 1°% TBP in 
> a 1%, TBP. 


VALUATION OF THE EQUILIBRIUM CONSTANT FOR THE REACTION: 


rBP (org) H,O (aq) TBP*H,O (org) 


0-075 

0-067 

0-063 0-053 1-16 
0-059 0! 0-050 1-15 
0-056 0-049 1-13 
0-052 ' 0-046 1-12 
0-049 0-043 1-10 
0-044 : 0-041 1-07 


Average: 2 1-12 + 0-04" 





puted according to the methods discussed in ref. 10 
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simplicity the following reaction, with the formation of only one complex: 
TBP(org) + pH,O(aq) + gH,SO,(aq) BP-(H,O) ,-(H,SO,), 
Application of the law of mass action to (2) gives: 


[TBP(H,O), -(H,SO4), }oorey = Kol TBP] o.0° fHsO}saq)" fH2SO4}% a, (3) 


i 
In equation (3) concentrations are used instead of activities for the species in the 
organic phase, which is a reasonable approximation for the dilute solutions being 
consi« lered. 


rhe total number of water molecules per molecule of TBP is given by the expression 


c 


fen 2c beacon PKs (H,O y* LHQSO, 5" ‘4 
: —_ (4a) 
[TBP] total/ ... pK» ‘H,O} -{H,SO,} 
From Fig. 2, y 0-04, and to a first approximation the amount of TBP tied up in 
the complex can be neglected compared to the amount of “free” TBP i.e 
~ PRy{ HO ja)" {H2SO4} ac (4b) 
Ecuation (4b) should be applicable up to 7 M H,SO,, where amounts of H,SO, 
comparable to the amount of TBP present begin to be extracted (Fig. 1) and the “‘free”’ 
[BP is converted to a TBP—H,SO, complex. Differentiating (4b), setting dy = 0 at 
the maximum, and combining with the Gibbs-Duhem equation leads to the expression 


Xi1,80,(aq) 4 In {H2SO4}, (1-Xi4,s0,aq) * In {HO} a. 0 (5) 


(6) 


where X4;,s0,(aq) 18 the stoicheiometric mole fraction of H,SO, in the aqueous solution. 
In Fig. 2 the molarities corresponding to 1H,SO,4:10H,O, 1H,SO,:8 H,O and 
1H,SO,:6 H,O are indicated. The most likely complex has the formula TBP(H,O),° 
H,SO,, suggesting that the principal reaction in the extraction of water into these dilute 
solutions of TBP in kerosene is: 

TBP(org) + 2 H*(H,O),(aq) + SO,?-(aq) = TBP-(H,O), H,SO, (org) (7) 
However, other compositions for the hydrated protons, e.g. H*(H,O); and H*(H,O), 
cannot be excluded. 

In order to study whether a maximum in the water extraction could also be 
obtained with some other diluent, experiments were performed with a | per cent 
solution of TBP in benzene. The dashed curve in Fig. 2 gives y/3 for this system, and 
here also a maximum is obtained near 5 M H,SQO,. 

In Table 2 the equilibrium constant of reaction (7) has been evaluated, using 
water and sulphuric acid activities from reference (9). Log Ky, varies both with 
the concentration of acid in the water phase and with the dilution of TBP in the 
organic phase. This implies the possibility of other reactions, such as the extraction of 
several different proton—water complexes; the treatment in this paper can only 
therefore be regarded as a rough approximation. Nevertheless it is interesting to find 
additional evidence for the tendency of the proton to carry approximately four water 


molecules with it into an organic phase. This does not necessarily mean that complexes 





Jol ul possnosip Spouyjou 94) 0} SuIpsc SDC poindwos Ud0qg OARBY SUOTJBIAOp UPOUI 


+600 + 98-] SL-| !d8RIdAy 


£10-0 “970-0 bro0-0 
¢10-0 0£0-0 9£0-0 
110-0 *1€0-0 L£0-0 
610-0 7£0-0 8£0-0 
070-0 ? €£0-0 ] £0-0 
610-0 *TE0-0 £0-0 
L10-0 T£0 0 “S£0-0 
Pl0-0 OL0-0 0-0 


— 
4 
-4 

-) 


} 


OSS8-O 


BRAUER ar 


(be)(O*H)} So] g (be)| 


OH} 60] 8 


(3.10) 'Os*H.*(0%H).aas ) H), HZ (310) dal !NOLLOVaY YOU LNVISNOO INOd AHL dO NOLLVAIVAG—'Z 11aVv] 





On the extraction of water from sulphuric acid solutions into tri-n-butyl phosphate 121 


such as H*(H,O), predominate or even exist in aqueous solution, although it is 
reasonable to make such an assumption. In addition to the other evidence cited“~* 
there is evidence from the work of Young and his co-workers “"”’ on the Raman spectra 
of H,O—H,SO, mixtures which is consistent with such a picture. They found that the 


sulphate ion concentration reaches a very broad maximum near 7M H,SO,. The 


existence of this maximum is in agreement with the view that the protons are hydrated. 
It has recently been shown by HOGrELDT™? that the activity product of an ion “triplet” 
such as (H*(H,O),,),SO,°~ will have a maximum at Xy, 56 (ag —_ which is 
equivalent to equation (6). If no activity coefficient corrections were necessary the 
product [H*]*-[SO,?-] would thus have a maximum at 5-3 M H,SO, if most of the 
protons exist as H*(H,O),. The Raman data give a maximum value for the product 
[H*]?-[SO,?-] at 9 M H,SO,, indicating that H*(H,O), and H*(H,O), may also 
have to be taken into account, although neglect of the activity coefficients prevents 
unambiguous conclusions from being drawn about the degree of hydration from the 
Raman data. 


Note added in proof 

Investigations which have been started on the same system using pure diluents such 
as octane do not show a maximum in the water extraction. This difference may be due 
to impurities in the TBP or in the kerosene used in the present investigation, and the 
work with pure diluents is being continued in order to settle the question. 
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SEPARATION OF URANIUM FROM FISSION PRODUCTS 
USING ALUMINA 


N. O1 
The Central Research Laboratory, Tokyo Shibaura Electric Co., Ltd. Kawasaki, Japan 


(Received 10 April 1961; in revised form 6 June 1961) 


Abstract—Adsorption of fission products by alumina from irradiated uranyl nitrate in non-aqueous 
media such as ether, ester or ketone has been investigated. 

Uranyl nitrate containing fission products was dissolved in an organic solvent, in which water is 
slightly soluble, and this solution was passed through a column of alumina. Nearly all the fission 
products were retained on the column while the uranium passed through almost unadsorbed. 

Of the fission products, ruthenium and cesium were less strongly adsorbed and caused the con- 
tamination of the uranyl solution. Yet, the elution of cesium could be reduced by adding acid clay 
to the alumina 

The K, values of fission products for alumina were found to decrease with the increase of uranyl 
concentration in the solvent. Free nitric acid should be eliminated because it greatly reduces the 
adsorption of ruthenium and zirconium. 

The adsorption of fission products was not influenced by the uranium which was also adsorbed. 


THE separation of uranium from fission products is being carried out chiefly by 
liquid-liquid extraction using tri-n-butylphosphate or methylisobutylketone. 

But the amounts of fission products are extremely small compared with the 
remaining uranium, for example; after the irradiation for 100 days at 1,000 MW- 
day/ton, | g of natural uranium contained only approximately | mg of fission products. 
Therefore it seems preferable to remove the fission products rather than to extract the 
uranium. This is contrary to ordinary solvent extraction or ion exchange methods 
that extract the main component, namely uranium. 

The cellulose column chromatography that is used for the separation of uranium 
from other metals,” thorium from rare earths,’ and so on, attracted our attention. 
This method has an advantage that the minor components, or impurities, are adsorbed 
and retained on the cellulose. 

We have already demonstrated the applicability of the cellulose column method 
for the separation of uranium from fission products by using an organic solvent such 
as ethylether or n-butylacetate.” In a further study, it was found that alumina could 
be used and was more efficient in adsorbing fission products. 

The use of alumina in combination with cellulose has already been described by 
WILLIAMS ef al. They performed the determination of uranium in ores containing 
arsenic and molybdenum™ and also of thorium and uranium in ores"? with the aid of a 
mixture of ethylether and nitric acid. However, no results have so far been published 
on the use of alumina for the separation of uranium from fission products. 


This paper deals with the studies of several factors for the adsorption of fission 


(0) F, H. Burstay and R. A. WELLS, Analyst 76, 396 (1951). 
(2) N. F. KemBer, Analyst 77, 78 (1952). 

N. O1, Bull. Chem. Soc. Japan 33, 1617 (1960). ibid, in press. 
(4) W. Ryan and A. F. WiLuiaMs, Analyst. 77, 293 (1952). 
(5) A, F. WILLIAMS, Analyst 77, 297 (1952). 
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In addition, some small scale separation of irradiated uranium 


EXPERIMENTAI 


mina used was from the Wako Pure Chemicals, 200—300 mesh for chroma- 
phy, and was used without pretreatment 

Selection of alumina was an important factor. For example: K, values for cesium- 
137 between 0-2 M of uranyl nitrate in n-butylacetate and the alumina produced by 
the following companies were, Wako Pure Chemicals, 200; Sumitomo Chemicals, 
190: Kanto Chemicals, 200: Merck-Brockman, 30; Merck-acidic, 21; and Merck- 
basic, 230 

Uranyl nitrate di- and tri-hydrate were prepared according to the method of 


KATZIN et al 


2. Irradiation and preparation of the sample 
UO, pellets were irradiated for one week in JRR-1 reactor (total neutron 
10° neutrons/cm*). After cooling for about 100 days, they were dissolved in 16 M 
nitric acid, and then the excess of nitric acid and water were evaporated, leaving 
crystallized salt 
Gross fission products obtained from the Oak Ridge National Laboratory were 


added to pure uranyl nitrate in some cases. 


Prov edure 

3.1. Separation by column method. A glass tube, 18 mm in diameter, was packed 
with | g of alumina. Uranyl nitrate including fission products was dissolved in an 
organic solvent, such as n-butylacetate, keeping the concentration of uranium about 
0-2 M, and this solution was passed through the column of alumina. The flow rate 
was maintained at about 1-2 ml/min.* Then a fraction of the percolated organic 
uranyl solution was analysed by y-scintillation spectrometer for the qualitative and 
quantitative determination of the contaminated nuclides. 

An analysis of uranium was performed by the ammonium thioglycolate method. 

3.2. Determination of the distribution ratios (K, values) of nuclides—Batch method. 
One to two wc of a nuclide (carrier-free) in nitric acid was evaporated to 
dryness in a beaker under an infra-red lamp. Then various concentrations (1-0- 
0-05 M) of urany] nitrate in organic solvent were added to the beaker and the nuclide 
was dissolved by stirring. This solution was then transfered to a 10 ml graduated glass 
cylinder with a stopper and 100-200 mg of alumina was added. The activities of the 
solution before and after the equilibration were measured by a scintillation counter. 
The times of equilibration were found to be about one hour for ruthenium, 20-30 min 


for cesium and other nuclides. The K, values were calculated by the following equation. 
Activity adsorbed per gramme of alumina (counts min™ g~*) 
1 








K 
ml-*) 


Activity per ml in solution at equilibrium (counts min 


‘above 5 ml/min caused the break-through of the fission products. 


rate ol 
M. Simon and J. R. Ferraro J. Amer. Chem. Soc. 74, 1191 (1952). 
1 C. T. SNELL, Colorimetric Methods of Analysis, Vol. 2A, p. 394, van Nostrand, New 





Separation of uranium from fission products using alumina 


RESULTS AND DISCUSSION 

2.1. Selection of the solvent 

Adsorption of fission products was influenced by the nature of the solvent. 
Water-miscible organic solvents such as the lower alcohols or acetone were not 
suitable. This is understandable from the fact that the adsorbed fission products may 
be easily removed from alumina by means of dilute nitric acid or water. K, values for 
cesium-137 are plotted in Fig. 1 as a function of the solubility of water in the solvents 
which were used. From this, it seems to be clear that the solvent in which water is 
slightly soluble and especially acetates is suitable for the separation of uranium from 


cesium. * 








2 3 4 5 
Solubility of water in the solvent, wt.% 


Fic. 1.—Kd values for cesium-137 as a function of the solubility of water in the solvent 
(U 0-2 M). 


The same tendencies were also observed for cerium and other nuclides. It should 
be noted here that in comparison with cellulose, alumina exhibited better adsorption 
of cerium in acetone. The K, values for cellulose and alumina at the concentration of 
0-2 M of uranyl nitrate were 6-7 and 430 respectively. 


2.2. Influence of the crystallized water of uranyl nitrate 
Three uranyl nitrates: di-, tri- and hexa-hydrate were used to clarify the water 
dependence of this separation. The result is shown in Table 1. It was found that the 


presence of water in this system retarded the adsorption of fission products, whereas, 
in the case of cellulose it had the reverse tendency. The decontamination factor for 


ruthenium increased with the decrease of water, while the amounts of remaining 
uranium on alumina was independent of the water. 


* Ethylether also gave good results but was not used because of the fire hazard. 





N. OF 


s to indicate a difference in the modes of adsorption between 
In the case of cellulose, the main mechanism of adsorption is 

ion products between the organic solvent and the water present in 
he case of alumina, partition is a minor factor and the chemical 
lar adsorption) will probably be a key factor in the separation. 


INFLUENCE OF WATER 








Eluted Decontamination factor Uranium 
‘Ru 3%Cs *©Zr—Nb | loss (mg) 


167 
300 860 





yr Urar im, ] g as uranyl n 
he Oak Ridge National Laboratory, Batch No. 51A (1960). 


nitric ae id 
nitric acid in this separation was investigated in detail. 
g. 2 and Table 2. When the concentration of nitric acid in the 
the K, value of ruthenium decreased rapidly, indicating the 
complex. Adsorption of zirconium, thorium and the 


yn alumina also decreased. Therefore, free nitric acid must be 


mize the elution of fission products. 





Uranium 


f nitric acid (d 


2, elution curves of fission products and uranium, using 0, 0-5, and 2-0 per 
ric acid in n-butylacetate are shown. Without nitric acid, the elution of 
lucts stopped immediately after the passing of uranium. On the other hand, 
t .  . 
acid was present, elution of fission products, especially zirconium, 
‘adually even after the passing of uranium. Presumably the basic character 
1 is quite important for the adsorption of fission products. (cf. 2.4) 
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2.4. Influence of the loading of uranium on alumina 

Alumina also has a property of adsorbing uranium from organic solution. 
The amounts of uranium adsorbed from acetone and n-butylacetate were almost the 
same, and an example of the latter is shown in Fig. 3. The maximum load of uranium 
per gramme of alumina was approximately 60 mg. This value is somewhat larger than 
that of cellulose (1-4 mg). Therefore, the influence of this loading on the property of 








Fic. 2.—Elution curves of uranium and fission products as a function of the concentration of 


the nitric acid in n-butylacetate 


adsorbing fission products is quite interesting and important. The results of the study 


using cesium-137 and the alumina thus loaded with uranium are shown in Fig. 3. 
27 


4 


As shown, loading of uranium did not have any influence on the K, value of cesium-1: 
This was found later to be due to the exchange between the loaded uranium and cesium. 
A detailed investigation on this point is being continued. 

In addition, the alumina previously soaked in n-butylacetate gave lower K, values 
than the alumina not so treated. This is probably due to the loss of the basic character 
of alumina by the acetic acid that was formed on hydrolysis of the ester. 


[t was ascertained that (1) the K, value dropped from 550 to 220 by adding 0-005 ml 
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icetic acid in this case. (2) the alumina previously soaked in acetone did not exhibit 


such decrease of K value. 


2.5. K, values of individual nuclides 

K, values obtained for 7°°Np, !Ce-Pr, }Ru-Rh, **’Cs-Ba, %Zr-Nb, ®*Sr and *Y 
are presented in Fig. 4. Compared with cellulose, fairly good adsorption of ruthenium 
was observ ed. The adsorption of fission products decreased rapidly with increasing 








na from n-butylacetate and K, value of cesium-137 


ng n-butylacetate 


nium concentration in the solvent. This tendency may be partly due to the complex 
nation between uranium and fission products at high uranium concentration. 
nsequently, the concentration of uranium in the organic solvent during column 

ation was limited to 0-2 M. 
t must be noticed at the same time, that the K, values do not always correspond to 
ehaviour of the nuclides in the column. In the case of cesium, for example 
good agreement was found between K, value and the elution maximum. 


Using 0-5 g of alumina, the elution maximum of cesium-137 came to 40 ml where the 
K, value by batch method was 86 (MK 43). On the other hand, the K, value of 
ruthenium is of little use of the prediction of the behaviour in the column. Ruthenium 


is a most troublesome nuclide in this separation and it was always eluted. This is 
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| 
| 
| 
| 


Fic. 4.—K;, values of fission products and neptunium-239 as a function of uranyl concentration 
in n-butylacetate. 


eluent (UO-2M), m 


Fic. 5.—Elution curve of cesium-137 using ethylacetate—Comparison of the Kz value obtained 
by batch method and elution maximum—cellulose 0-5 g. K, by batch method 86. 





[TREATMENT OF 100 DAYS COOLED, IRRADIATED URANIUM 





Eluted 7 Decontamination factor Uranim 
ulec _ — . 
Eluted ‘Ru *Cs *Zr—-Nb_|loss (mg) 


n-butyl- 101.000 0:46 160 6-6 500 
tate (Ru-25,000) 
82,500 
(Ru-29,200) 0-34 145 


soamyl- 700.000 
acetate (Ru-670,000) 


lays cooled irradiated uranium using n-butylacetate. 
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understandable from a consideration that ruthenium exists in several forms that can be 
transformed from one to another easily. Thus the K, value obtained for ruthenium was 
looked upon as a mean value for these complexes. 


2.6. Treatment of 100 days cooled uranium 


The treatment of 100 days cooled irradiated uranium was conducted. In Table 3, 
Fig. 6 and Fig. 7 the results of the experiment and the elution curves for fission 
products using n-butylacetate and isoamylacetate are shown. It is obvious that the 


elue ~ M 


FIG. 7 Treatment of 100 days cooled irradiated uranium using isoamylacetate. 


elution of ruthenium always paralleled the elution of uranium. Furthermore, 
subsequent elution of cesium took place using n-butylacetate. 

In another experiment of ours‘° it has been found that the Japanese acid clay has 
specific high K, values of cesium. Therefore, 10 per cent of this clay was added to 
alumina. Using this column, 82,500 counts/min of y-activity (0-34 per cent) were 
eluted. 29,200 counts/min were ruthenium and cesium was not eluted. The activities 
other than this were mainly of uranium. Therefore, adsorption of more than 99-8 per 
cent of fission products as well as 99 per cent or more of uranium recovery was 
achieved. 

When isoamylacetate was used as a solvent cesium was not eluted. Of 700,000 cpm 


counts/min eluted, almost all was of ruthenium. 
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The reaction between triethyl aluminium and water 
(Received 18 January; in revised form 10 February 1961) 


[t is known that the lower trialkyl aluminium compounds react violently with water according to 


the over-all reaction 


R;Al + 3H,O = 3RH + Al(OH), (1) 


When an excess of water is used this reaction goes to completion”; the amount of alkane liberated 
equals the amount of alkyls originally present. If, however, the water is added gradually, the triethyl! 
aluminium behaves differently. 








Fic. 1. 


In a vacuum system weighed amounts of water vapour were added to weighed amounts of triethyl] 
aluminium. The evolution of gas was followed by observing the change of pressure in the system. 
rhe Figure shows the ethyl groups liberated by water as a fraction of those originally present; the 
amount of water is expressed as the proportion of water used to that needed for total hydrolysis 
according to eqn. 1. It will be seen that 70 per cent of the ethyl groups are liberated by the first 


50 per cent of water. The remainder of the ethyl groups is hydrolysed only with difficulty, and in 
order to liberate the last sixth of the ethyl groups a very large excess of water or heating proved 


necessary. 
Experiments in which the triethyl aluminium was dissolved in paraffin oil gave the same results 

as those with undiluted triethyl aluminium. 

") E. G. Rocuow, D. T. Hurp and R. N. Lewis “The Chemistry of Organometallic Compounds” p. 134, 
John Wiley, New York (1957). 
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Notes 


1 was also studied kinetically by following the rate of evolution of 


gas when a weighed 
was added to an excess of triethyl aluminium. The results gave 


a straight line when 


as plotted versus time, where 


moles of Al(C,H;), introduced 
moles of H.O introduced 
moles of C,H, liberated. 


DISCUSSION 


rom the stoichiometry and from the rate of the reaction it follows that as long as at least 


group ren 


1ains bound to each aluminium atom, each molecule of water liberates on the 
4 molecules of ethane. The over-all reaction must therefore look somewhat like this: 


AI(C,H;), + H,O = 0-4C,H;AIO + 0-6 (C,H;),A(OH) + 1-4 C,H, 


(2) 
duct corresponding to the end of the straight line of the Figure might have the formula 
OH OH OH 


Al—O-—Al—O—Al 


C,H, C,H, 


1 to 1-4 mole ethane liberated by each mole water, while the intermediate 


OH OH 
Al—O—Al 


C,H, CH, 


33 moles ethane, only slightly less than the observed value. 


discussion of the kinetics of the consecutive and/or parallel reactions occuring Is 


teresting to note that the straight line relation might be explained on the assump- 


mining step is a bimolecular reaction, and that the concentrations of the re- 


ose of triethyl aluminium and water respectively as calculated from 


he th . ] 
len have the formula 
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Some observations on Pu(1V)-alkali double chlorides 
(Received 14 August 1961) 


e chloride of plutonium is PuCl,; chlorides with higher oxidation states of plutonium 
Based upon early estimates of the standard free energies of formation of 


auspices of the | 


S. Atomic Energy Commission 


B. Bropy, N. R. Davipson, F. HAGEMANN, I. KARLE, J. J. KATZ and M. J. WoLrF, 
Transuranium Elements’, NNES, Div. IV, Vol. 14B, Pt. I. p 740. McGraw-Hill, 





Notes 135 


PuCl, and PuCl,,*? only minute quantities of PuCl, may be expected to form when PuCl, is equi- 
librated with chlorine at one atm. pressure. Thus, the presence of chlorine gas has only a slight 
effect on the normal freezing point of PuCl,; e.g., chlorine at 0-8 atm. lowers the freezing point 
0-7 + 0:3°C. On the other hand, ANDERSON'* has crystallized from aqueous solution the double 
salt Cs,PuCl, in which Pu exhibits the IV state. In the present investigation, it was found that 


TABLE | [THE EFFECT OF CHLORINE AT 0:80 ATM. PRESSURE ON PuCl,-ALKALI CHLORIDI 
SOLUTIONS WITH PuCl, MOLE FRACTION 0-33 





Initial Normal liquidus Thermal arrest Microscopically 
composition r<) Ca observed phases 


PuCl, 2LiCl 510 Pu(II1) 

PuCl, 2NaCl 3515 460—400* Dominantly Pu(III) 
minor Na,PuCl, 

PuCl, 2KCI 685-645 * Pu(lV) Pu(II1) 

PuCl, 2RbCI ] Ca. 700 Dominantly Rb,PuCl, 
Pu(IIT) 

PuCl, 2CsCl 770" 716 Cs,PuCl, 








* Non-stationary. 


appreciable quantities of Pu(1V) may be formed in binary solutions of most alkali chlorides wit! 
PuCl, when exposed to chlorine gas. 

The salts PuCl,, RbCl and CsCl were described previously."*) Analytical grade LiCl, NaCland KC] 
and tank Cl, (Matheson Co., 99-3 °4) were used as received. Mixtures of PuCl, and the alkali chlorides 
in the mole ratio 1:2 were melted and saturated with chlorine at 0-80 atm. pressure and approximately 
50°C above the melting point. After thermal arrests had been determined to +5°C, the mixtures 
were again saturated with chlorine, air quenched, and examined under the polarizing microscope. 


TABLE 2.—OPTICAL PROPERTIES OF Cs,PuCl,, Rb,PuCl, AND Na,PuCl,* 





Optic symmetry: Uniaxial 
Optic sign: Negative 


Colour: Pale greenish yellow 
Pleochroism: Not perceptible 
Habit: Thin basal plates with hexagonal outline 


Cleavage: Excellent basal 
Approximate mean refractive index: 
Cs,PuCl, I-72 
Rb, PuCl, 
Na,PuCl, 





* 


The isoformular potassium compound did not crystallize sufficiently 


well to permit most of the properties listed to be determined 


Crystals formed by reaction of PuCl, + 2CsCl and chlorine are optically identical with the 
compound Cs,PuCl, prepared by evaporation of an aqueous solution No reaction of chlorine 
with the solution PuCl, 2LiCl was detected. Products of reaction of chlorine with solutions of 
PuCl, 2NaCl and PuCl, 2RbC] are optically isomorphous with Cs,PuCl,. Products of reaction 
of chlorine with the solution PuCl, 2KC] are too fine grained to establish the isomorphism with 


2) L. BRewer, L. BROMLEY, P. W. GiLLes and N. L. LorGren, Paper 6.40 ibid., Pt. II, p. 873. 
H. H. ANDERSON, Paper 6.13 ibid., Pt. 1, p. 793 

4) R. BENz and R. M. Douatass, J. Phys. Chem. 65, 1461 (1961) 

5) C. W. ByorKLUND, J. G. Reavis, J. A. LEARY and K. A. WALSH, J. Phys. Chem. 63, 1774 (1959). 

®) R. BENz, M. KAHN and J. A. Leary, J. Phys. Chem. 63, 1983 (1959) 
E. Staritzky and A. L. Truitt, Ch. 19 in “The Actinide Elements’, NNES, Div. IV, Vol. 14A, p. 813 
McGraw-Hill, New York (1954) 
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Notes 


The common reaction must be 


PuCl,(1) + 2MCI(l) + $Cl.(g) = M,PuCl,(1); M = Na, K, Rb or Cs. 
ranges of the non-stationary arrests listed in Table 1 indicate that the compounds containing 

and probably the Rb compound, are partly dissociated under the given conditions and 
bilities of the M,PuCl, compounds increase in the order given in the above equation. 


tal 
Pu(II1) may be regenerated by bubbling HCI through the melt. Some optical 


ullol 


rties are listed in Table 2 


ne gas was found to have only minor effects upon the normal thermal arrests of solutions 


compositions PuCl 2CaCl, and PuCl, + 2BaCl,:‘*’ arrests were modified by not more 
Presumably, there is only very little stabilization of the Pu(IV) state by CaCl, and BaCl,, 


behaviour may be expected for MgCl, and SrCl, 
R. BENZ 
¢ Laborator) R. M. DouGLass 
ornia 


Mexico 
the binary systems of PuCl, with MgCl,, CaCl,, SrCl, and BaCl, have been deter- 


ior the iry 


R. JOHNSON, Doctoral Dissertation, University of New Mexico (1961). 





Spectrophotometric studies of uranium (VI)-3- 
acetyl-4-hydroxycoumarin complex in ethanol 


(Received 11 July 1961) 


has already been employed by the present authors for the gravimetric 

d thorium and their separation from each other in presence of cerium (III) 

ompound has also been used for the gravimetric determination of zirconium 

trophotometric determination of iron (I1),‘*) and gravimetric determination of 
its separation from other trivalent rare earths." 

’s, it was reported that the uranium (VI) complex of this coumarin is 

ueous ethanolic solutions containing a high percentage of ethanol. In the present 

1 spectrophotometric study of the uranium (VI)-3-acetyl-4-hydroxycoumarin 

ethanol. For this purpose, both the components i.e. uran- 

xycoumarin have been taken in ethanol. Under these conditions, 

d, does not precipitate but remains in solution. The complex has 

nposition of 1:1. It obeys Lambert-Beer’s law at 380 my in the 


ium 


EXPERIMENTAI 


oxycoumarin was prepared by the method reported earlier [he compound 


1 by sublimation under reduced pressure to a colourless crystalline product, 


a 


lution of this compound was made in 95 % ethanol, and the stock solution 


entration 10-* g mole/litre 
dard solutions of uranium (VI) were made by dissolving uranyl nitrate (A.R.BDH) in 95% 
[he stock solution of the uranyl salt had a strength of 2:0 10-* g mole/litre and the 
t was protected from light using black paper in order to avoid any possible photo- 
iposition of the uranyl! salt in ethanol 
a t spectrum of uranium (VI)-3-acetyl-4-hydroxycoumarin complex was taken using a 
V. spectrophotometer. All other spectrophotometric studies were carried out using Unicam 
Buat and B. D. Jatin, Talanta 4, 13 (1960) 
BHAT and B. D. Jain, Proc. Ind. Acad. Sci. 53A, 147 (1961). 
Buat and B. D. Jatin, Talanta 5, 271 (1960) 
BHaT and B. D. Jain, J. Less Common Metals. 3, 259 (1961) 
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Spectrophotometer model SP 600. The ultraviolet spectrum of 3-acetyl-4-hydroxycoumarin has 
already been reported,*) and it was found to have a maximum absorption at 300 mye There was 
no absorption maximum in the visible region. The uranium (VI)-3-acetyl-4-hydroxycoumarin 
complex had no absorption maximum in the visible region. The ultraviolet spectrum of the complex 
prepared by mixing | ml of 1 10-* M uranyl nitrate solution and 2 ml of 1 10-* M coumarin 
solution and making the volume up to 25 ml with ethanol, however, showed absorption maxima at 
235, 270 and 302 mu. The maximum at 302 mu may be due to the reagent itself. For subsequent 
studies, 380 my was used, as both uranium nitrate and the coumarin have negligible absorption at 


this wave length while the complex absorbs strongly. 





OPTICAL DENSITY 
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MOLAR RATIO OF 3-ACETYL~-4 -HYDROXY - 
COUMARIN AND URANYL ION 


Effect of excess of the reagent on the optical density of the 


uranium (V1)-coumarin complex 





Che optical densities at 380 my of a series of solutions containing the coumarin and uranium (VI) 
in the mole ratio of 0:5:1 to 9:1 are plotted in Fig. 1; it is seen that the portion AB of the curve 
is a straight line up to the molar ratio of 1. For studying the validity of Lambert-Beer’s law for the 
uranium complex, however, the molar ratio of the coumarin to uranium (VI) was maintained at 5. 
An excess of the reagent had no effect on the optical density of the complex. The uranium-coumarin 
complex obeyed Lambert-Beer’s law from 0 to 57 p.p.m. of uranium in the solution 

The molar composition of the complex was determined by Jos’s'*’ method of continuous varia- 
tions as modified by VossuURGH and Cooper‘ rhe optical densities at 380 my of the following 
two solutions, prepared by mixing (a) x ml of 2:0 10-° M 3-acetyl-4-hydroxycoumarin solution 
with (10-x) ml of 2-0 10-* M uranium (VI) solution and (b) x ml of 1-0 10-* M coumarin 
solution with (10-x) ml of 1-0 10-* M uranium (VI) solution (where x varied from | to 10), were 
determined employing ethanol as a reference solution. The results shown in Fig. 2 prove the molar 
ratio of the coumarin to uranium (VI) in the complex is 5-0:5-0 i.e. 1:1. The tentative structure of 


the complex, is, therefore suggested as follows: 


Discussion regarding the structure of 3-acetyl-4-hydroxycoumarin: 


ANSCHUTZ'”? gave structure (I) for 3-acetyl-4-hydroxycoumarin. ROBERTSON ef al.'*) observed that 


unlike 4-hydroxycoumarin, 3-acetyl-4-hydroxycoumarin cannot be readily methylated or acetylated 
under usual conditions and found that the properties of this compound are in keeping with the 
view that the molecule contains a hydrogen bonded system involving a comparatively stable six-atom 


P. Jos, Ann. Chim. 9(10), 113 (1928). 

W. C. VossurGH and G. R. Cooper, J. Amer. Chem. Soc. 63, 437 (1941). 

R. ANSCHUTZ, Annalen 367, 169 (1909). 

G. G. Bapcock, F. M. DEAN, A. ROBERTSON and W. B. WHALLEY, J. Chem. Soc., 903 (1950). 





Notes 


a (II) and (IIL) represent the unperturbed forms of the resonating 
bonded system in the molecule has now been confirmed by 


1 | ydrogen 


> compound in chloroform (Fig. 3). In the absence of any intra- 
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inium (VI)-3-acetyl-4-hydroxycoumarin 


nethod of continuous variations 

















hydroxycoumarin in chloroform. 


1 expect peaks at 3080 cm™~ and 1675 cm corresponding 


O stretching. Instead the spectrum shows a diffused 


S 


hift in the acetyl carbonyl frequency to 1625 cm~". It is therefore 


ntramolecular hydrogen bonding in the substance. 
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Synthese von markierten fluchtigen Metallhalogeniden in geschlossener Apparatur 
(Received 20 September 1961) 


Bei der Synthese von markierten Verbindungen sind hohe Ausbeuten und geschlossene Apparaturen 
erwunscht. Aus diesem Grunde sind die iblichen Verfahren zur Darstellung von Metallhalogeniden 
(z.B. Umsetzung des Metalles im Halogenstrom) wenig geeignet zur Darstellung von markierten 
Metallhalogeniden. Sofern die Metallhalogenide fliichtig sind, bieten sich Reaktionen zwischen 


Metallen und schwer fliichtigen Metallhalogeniden an nach dem Schema 


Me nAgX(nCuX) > MeX nAg(nCu) 


Durch Verwendung von Halogen-markierten Silberhalogeniden oder von radioaktiven Metallen 
kann man in einer evakuierten Apparatur kleine Mengen von markierten fliichtigen Metallhalogeniden 
hoher spezifischer Aktivitéat unter extrem wasserfreien Bedingungen herstellen. 

Die Reaktionsbedingungen sind folgende: Ein Gemisch von reinem Metall und wasserfreiem 
Silber- bzw. Kupferhalogenid wird in einem Reaktionsrohr aus Supremax- oder Quarzglas in einer 
evakuierten Apparatur langsam auf etwa 450 bis 700°C erhitzt. Das entstehende fliichtige Metall- 
halogenid, dessen Bildung im allgemeinen nach Erreichen des Schmelzpunktes des Silber- bzw- 
Kupferhalogenids einsetzt, wird in einer Kihlfalle ausgefroren, im Vakuum destilliert und anschlies- 
send in kleinen K6lbchen abgeschmolzen. 

Diese Methode, die bereits zur Darstellung von *°Cl-markiertem Aluminiumchlorid benutzt 
wurde'"’, wurde eingehend untersucht fiir Me Bor und Silicium und X Chlor, Brom und Jod 
(ausserdem fiir Me Arsen, Antimon, Germanium und Zinn und X Chlor) 

Aus den thermodynamischen Daten wurden die Gripss’schen Freien Energien AG und die 
Reaktionsenthalpien AH der einzelnen Reaktionen fiir verschiedene Temperaturen und Drucke 
berechnet. Die Ausbeuten wurden bei verschiedenen Temperaturen als Funktion der Zeit experi- 
mentell bestimmt. Die Rechnungen und die Versuche zeigten, dass manche Reaktionen, die bei 
normalem Druck (1 Atm.) nicht méglich sind oder zu schlechten Ausbeuten fihren, infolge det 
Druckabhangigkeit von AG im Vakuum glatt und mit guten Ausbeuten verlaufen (z.B. Darstellung 
von BBrs, SiJ,). Fiir die einzelnen Reaktionen wurden optimale Arbeitsbedingungen aufgesucht. 
Die Reaktionen verlaufen im allgemeinen mit Ausbeuten von 80 bis 90°% und fiihren zu reinen 
Produkten 


Eine ausfihrlichere Beschreibung der Methode und der Versuchsergebnisse erscheint demnachst 
Eduard-Zintl-Institut K. H. Ligser 
der Technischen Hochschule Darmstadt H. ELtas 


C. H. WALLACE and J. E. WILLARD, J. Amer. Chem. Soc. 72, 5275 (1950) 
K. H. Lieser, H. W. KOHLSCHUTTER, D. MAULBECKER und H. ELtas Z. anorg. allg. Chem., (im Driick) 
K. H. Lieser, H. Evtas und H. W. Kouuscuitter, Z. anorg. Chem., (im Driick) 


Preparation and properties of diarsine 
(Received 27 § ptembe r 1961) 


DIARSINE, As,H,, has been reported by Nasr‘’’, who prepared it in milligram yields by reacting 
magnesium aluminium arsenide with cold 20% H,SO,. By gas analysis of its decomposition proper- 
ties he established its empirical formula as As,H,, and its volatility suggested that the molecule is 


1) R. Nast, Ber. Dtsch. Chem. Ges. 81, 271 (1948) 





Notes 


It was more unstable than its analogues N,H, and P,H,, decomposing at 100°C 

da red solid with a variable As:H ratio. Several other authors‘*:*) have reported on 
1ydride of arsenic which decomposes slowly at room temperature, and rapidly 
ind hydrogen 


EXPERIMENTAI 


f a series of studies on hydrides, an improved method of preparing diarsine has been 
the yields were sufficient to enable some study of its reactivity to form derivatives. 
method which has been successful with stannane and germane was used."*’ Arsenic 
is vacuum distilled into a flask containing an ether solution of lithium aluminium 
10°C. On slowly warming this mixture, a vigorous reaction began with considerable 


ras, which was condensed at 190°C in an adjacent U-tube. The reaction vessel and 


tubing were coated with a reddish-brown solid, and the pressure in the system rose, 


which appeared together with the other gaseous products, arsine and diarsine. 


TABLE | YIELDS OF DIARSINEI 


Yield 


t. of LiAIH,, Vol. of ether, Vol 


liquid from 
g ml 


As.H,, decomposition, 
ml { 


0-2 
0-1 





ydrides condensed at 190 C to a white solid, and the yield was estimated by the 


¢ ] ; 
ICt (aS Quid ON 


immediate melting) and the amount of brown hydride produced 
of the As,H,. Some typical preparations are given in Table 1. 
igher when a large excess of LiAIH, was used. The yield, as calculated from 


based on a reaction of the form 
rAs.H, > xASH, (AsH) 


1¢ temperature of the products from 190 C, it was possible to observe the 
gether with a little ether) at approximately 115°C The diarsine remained 
1 to turn yellow and then rapidly darkened to a brown colour. Due to 
solid, the actual melting of the diarsine was not clear, but at about 
me there was no more white solid, a gas was evolved from the liquid. This 
rsine, from the melting and boiling points of a sample, and from the fact that it 
of decomposition. By rapidly vaporizing the condensed diarsine and 
190°C, it was possible to transfer the substance with only 
decomposition en route. This tends to confirm Nast’s comment that diarsine is 
gaseous phase than as liquid or solid 
was found to decompose slowly to hydrogen and a black deposit of arsenic 
nd with increasing rapidity if the temperature was raised. The same amount 
1 be obtained in 10 min and 12 hr at 120°C and 20°C respectively. It appeared 
benzene, carbon tetrachloride, chloroform, benzaldehyde and water; but 


10t water to yield arsenious oxide and hydrogen.” It had strong reducing 


Chem. News. 129, 31 (1924) 
h. 45, 25 (1924) 
ince (5) 2, 1020 (1935) 


WILZBACK and H. I. SCHLESINGER, J. Amer. Chem. Soc. 69, 2692 (1947). 
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properties, attacking nitric acid vigorously and decolourizing both potassium dichromate and 
potassium permanganate solutions. 

No clear lines were obtained when the brown hydride was subjected to X-ray powder analysis, 
although lines due to arsenic formed by decomposition began to appear as the sample aged. 


Preparation of derivatives 

Several attempts have been made to produce a stable derivative of diarsine. In each case these 
have been chosen by analogy with hydrazine.‘® Accordingly the diarsine has been reacted with 
benzaldehyde and with anhydrous cobalt (II) chloride and mercuric iodide. In each case, the diarsine 
was condensed at 190°C on to the other reagent, and the system was then brought rapidly to 
room temperature. 

With benzaldehyde (cf. formation of benzalazine'*)) a brown solid, partially soluble in excess 
benzaldehyde, was produced. The solution on standing slowly precipitated the brown hydride of 
arsenic. The initial brown product, which appeared distinctly more crystalline than the hydride, 
was washed and dried at 25°C. X-ray powder analysis revealed only lines from metallic arsenic, but 
the partial solubility and chemical analysis suggested that it was a mixture of the brown hydride 
(and arsenic from its decomposition) and a compound containing carbon. Two samples gave the 


analytical figures in Table 2. 


TABLE 2.—ANALYSIS OF BENZALDEHYDE DERIVATIVE 





C:H atom ratio 


Sample I 
Sample II 





rhe condensation products C;H;CH:As,H, and C,H;CH: As,:CHC,H; (analogous to benzalazine) 
have C:H atom ratios of 1:1-14 and 1:0°85 respectively. 

Treatment of the brown solid with potassium hydroxide solution led to the formation of benzalde- 
hyde. This aromaticity in the substance was endorsed by its infra-red spectrum in a paraffin oil 
mull, which gave weak peaks at 780 cm~' corresponding with the C—H out-of-plane bending mode 
of aromatic rings. These results, together with the slow decomposition of the derivative containing 
carbon to give the brown hydride, as does diarsine itself, suggest that a derivative with an As—As 
bond is formed from benzaldehyde and diarsine. The exact nature of this compound is being 
pursued; but the data at present suggest the condensation product to be C,H;CH:As,H,. When 
the diarsine was allowed to melt in contact with anhydrous cobaltous chloride and with mercuric 
iodide, in both cases a colour change occurred. The blue cobalt chloride changed to a greenish- 
pink, but when the temperature rose to —30°C decomposition occurred yielding the brown hydride. 
Red mercuric iodide (which forms the most stable hydrazinates) reacted with the liquid diarsine to 


give a black product which very slowly reverted to red mercuric iodide at room temperature. The 
black material showed a positive test for arsenic. On heating gently it decomposed, giving the yellow 
sublimate of pure mercuric iodide without any black residue of arsenic, as was obtained when the 
brown hydride was added to it. These preliminary results suggest that a compound of diarsine and 
cobalt (II) may be formed below — 30°C, but that that compound with mercury (II) may be one with 


arsine rather than diarsine. 
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6) L. F. AuprietH and B. A. OGG, “The Chemistry of Hydrozine’’ Wiley New York, (1951). 
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Isolation of naturally occurring technetium 
(Received 24 July; in revised form 22 September 1961) 


irst ““missing’’ element to be discovered by artificial synthesis.“') The occurrence 
ement has been observed in nature, however, only in the broadest sense of the term, i.e. in 
osphere of certain stars where the s-process of nucleosynthesis is taking place." 


yntaneous fission produced technetium-99 should be present in uranium bearing ores 


ittempts to detect primordial technetium in terrestrial minerals have not succeeded."*:*.° 


tchblende, no attempt has been made thus far to isolate this nuclide. 
nd Kuropa‘*:’) have recently determined the uranium-238 spontaneous fission yield 
um-99 to be 6°73 0-6 per cent. From the spontaneous fission yield for the mass 99 


8.9 


he spontaneous fission half-life of uranium-238, 8-0 10° years, the amount of 
-99 expected to be present in a typical pitchblende (about 50 per cent U) is calculated to 
rams per kilogram of ore. It is interesting to recall that PERRIER and SEGRE", in 
vestigations of the chemical properties of element 43, had to deal with a similar quantity 

1 synthesized technetium 
isolated altogether ca. | myg of technetium-99 from several kg of Belgian Congo 


The amount of technetium found in the ore appears to be in good agreement with 


tchblende (42 per cent U) was dissolved in dilute nitric acid under reflux. After 


lead was precipitated as the sulphate and the total residue was filtered off. The filtrate 


the hot sol 1 for several hours. The sulphides were collected, dissolved in 


, the pH adjusted to zero with ammonium hydroxide, and hydrogen sulfide (Matheson) 


nd the solution boiled to remove excess peroxide. Since technetium 
acidic solutions, ammonium hydroxide was added intermittently during 
) keep the pH at 8 or above 
ed and passed through a cation exchange column (2:5 63 cm) 
8, 50-100 mesh, hydrogen form, to remove the bulk of the 
lution was evaporated to a volume of 500 ml 
e was found to contain 0-16 0-4 per cent Cu, 0°37 0-01 
Re, and about 10-° per cent Ru; hence these elements 
on and had to be removed 


ioved by precipitation with «-benzoinoxime."”:!!)'!*) A few 
the solution made 2N in acid, heated, and 


for an hour. Under these conditions, technetium 


peroxide, 3 mg rhenium 

to a volume of 50 ml 

errhenate extracted with methylethyl- 

ny molybdenum which was present. After re- 


vas added and sulphides again were precipitated, 


2 (1937) 
115, 484 (1952) 


ys 
55 
) 


5. 1084 (1956) 
m. 5, 153 (1958). 


rem. 16, 1 (1960) 


60. 640 (1938) 
Soc. 82, 809 (1960) 
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The solution was evaporated to a volume of 5 ml, the pH adjusted to 7, pertechnetate and per- 
rhenate absorbed on an anion exchange column (Dowex | 8, 200-400 mesh, nitrate form), washed 
with water, and eluted with 0-25 M perchlorate“: 

Copper carrier (4 mg) was added to the technetium fraction, the acidity adjusted to 2 N, and 
sulphides precipitated. The sulphide fraction was collected, dried, and counted in a Johnston 


Laboratory low-level counting system (background 0-7 counts/min). 


TABLE 1.—Activiry OF Tc-99 ISOLATED FROM BELGIAN CONGO PITCHBLENDI 


Time after isolation Observed 
Sample from pitchblende net activity 
(min) (counts/min) 


No. 1 68 , 0-21 
Pitchblende 87 : 0:21 
102 ‘48 + 0:21 

180 " 0-16 

307 0-12 

1142 ; 0-07 

1482 0-07 

1685 0-06 

1740 ; 0:06 

2645 0-05 

2881 ; 0-05 

4087 ; 0-05 

4150 0-05 

4412 3-38 + 0-05 


>) 
c 


No. 2 1-3 kg 30 
Pitchblende 196 
937 

1432 


2526 


wa bh IB 


t 


~ 


2877 
3813 
4156 
6918 


2 


7) 


9569 


MMMM NN NN NN NN tO 


+ 


A second sample of Belgian Congo pitchblende also was carried through the above operations. 
lracer experiments showed that this procedure gave a chemical recovery of 50 10 per cent 
rhe counting results of samples 1 and 2 are summarized in Table | 

The absorption curves for the samples were obtained and half-thicknesses were found to be 


7-8 mg Al/cm? and 7-2 mg Al/cm? for samples 1 and 2, respectively, in agreement with the reported 
5 5 I : : 


value of 7-2 mg Al/cm?* for technetium-99." 

It was attempted to weigh the technetium fraction with a micro-balance (Mettler M-—S5) after 
removing copper sulphide, but the total weight was found to be less than 2 wg, thereby excluding 
the possibility of the presence of weighable quantities of primordial long-lived or stable technetium 


in the final fraction. 


15) B. KENNA, Annual Report, USAEC, Contract At-(40-1)-1313, University of Arkansas, Fayetteville, 
Arkansas, Appendix VII (1960) 





Notes 


im-99 is assumed to be produced predominantly by the spontaneous fission of 


1 pitchblende, then 


N%/., (1) 


288 are the number of atoms of technetium-99 and uranium-238, respectively, Aes 8 


nt of technetium-99, /.3., is the spontaneous fission decay constant of uranium-238,'*:* 


fission yield for the mass 99 chain.‘*:7) The expected activities calculated from equation 


ting for the chemical recovery and the overall counting efficiency, were 3-9 and 2:5 


1 2, respectively, while the observed activities were 3-4 and 2-1 counts/min 


nples 1 and 2, res 
led report of this work will be published at a later date. 
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Absolute configuration and ring conformation of the optically active 
complexes of cobalt(III) with propylenediaminetetraacetate and 
ethylenediaminetetraacetate 


(Received 10 April 1961) 


THe absolute configuration of a single optically active octahedral complex, tris(ethylenediamine) 
cobalt(III), has been determined by a refined X-ray method."”’ In this communication we report the 
absolute configurations for a series of octahedral complexes. These are deduced from the configura- 
tional relationships established in connection with chemical transformations within the group and 
those arising from their conversion into tris(ethylenediamine)cobalt(III). The configurations of these 


complexes are considered along with that of the free base, propylenediamine, to infer the conformation 
I 


of the chelate ring in a complex which is exemplary of the extreme stereospecificity associated with 


the octahedral co-ordination of optically active ligands 

The hexadentate octahedral complex of cobalt(III) with ethylenediaminetetraacetic acid, 
[Co(EDTA)]-, when present in optically active form, undergoes a remarkable reaction with ethylene- 
diamine (en), forming [Co(en);]** with some retention of configuration.'?’ Asa result of this reaction, 
recent kinetic studies in these laboratories,'*:*’ and the structure determination on [Co(EDTA)] 
salts by WEAKLEIM and Hoarp,'*’ the absolute configuration of the several cobalt(III)-EDTA 


complexes may be delineated. The structure of [Co(EDTA)]~ is given in structure | 


Structure I 


WEAKLEIM and Hoarp'*’ have shown that the NCCO chelate rings which are coplanar with the 
NCCN ring are greatly strained. Consequently, the first group to be displaced in replacing EDTA 
by en should be one of the carboxyl groups from this plane. If one makes only the following additional, 
relatively unrestricting assumptions, the isomer shown in structure I should produce 67 per cent 
L-(—)-[Co(en)3]** (structure II) and 33 percent of the enantiomer: (1) No rearrangements occur; 
e.g., groups originally trans to each other are not replaced by a single en molecule. (2) No nitrogen 
atom is replaced until it is a terminal donor atom and not a member of two or more fused chelate 
rings. On this basis, the entrance of a single ethylenediamine molecule into the co-ordination sphere 
of the cobalt may result in either of three isomeric intermediates. According to the numbering of 


structure I, and assuming the oxygen atom at position 4 to be displaced initially, the first molecule of 


Y. Saito, K. NAKATSU, M. SHIRO, and H. Kuroya, Bull. Chem. Soc. Japan 30, 795 (1957); Acta Cryst. 8, 
729 (1955) 

F. P. Dwyer and F. L. GARVAN, J. Amer. chem. Soc. 80, 4480 (1958) 

D. W. Cooke and D. H. Buscu, paper presented at the 137th National Meeting of the American Chemical 
Society, Clevand, Ohio, April 1960 

D. W. Cooke, thesis, The Ohio State University, 1959. 

H. A. WEAKLEIM and J. L. Hoarp, J. Amer. Chem. Soc. 81, 550 (1959) 
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ethylenediamine may span the position 1-4, 3-4, or 4-6. Co-ordination at 1-4 produces the enanti- 


omer of that formed by complexing at 4—6, while the remaining positions, 3-4, lead to the excess of the 
cally favoured configuration. If the ethylenediamine initially co-ordinates at position 3, an 
In consequence, it is the formation of the intermediate, 


equivalent set of relationships follows 
3-4 positions which explains the 


Co(EDTA)en}] with co-ordination of the ethylenediamine in the 


| retention of configuration in this elegant process. 


tia 


N 


Structure II 


t has been shown'’’ that (—)-K[Co(EDTA)]-2H,O reacts with 50°, aqueous 


Exper 
)-[Co(en),]** (the remainder is p-), while the same 


ethylenediamine to produce 56-6 per cent L-( 
reaction in anhydrous ethylenediamine is reported to produce 63 per cent of the /aevo isomer. The 


of configuration in the case of aqueous ethylenediamine is associated with the com- 

{ of ( )-[Co(EDTA)]~ with hydroxide ion, a process leading to catalytic racemiza- 
Partition of the reaction according to the relative rates of catalytic racemization and that of 
liamine into the co-ordination sphere leads to a value of 57-6 per cent for the 


predicted percentage of the excess isomer of tris(ethylenediamine)cobalt(III). Further, any mechanism 


vhich would predict the opposite relationships between the configurations of the EDTA and en 
lire relatively extreme and difficulty justified assumptions about the order and 


the donor groups of the co-ordinated EDTA are replaced by ethylenediamine 
)-[Co(EDTA)]~ is assigned the configuration shown in structure I 


simple conversions 
)-[Co(EDTA)X]?- — (—)-[Co(EDTA)] 
X- =Ct, Br 


+} ( 


l comy 


plete retention of configuration, the anions, (— )-[Co(EDTA)CI]~ and 


proceed W 
[Co(EDTA )Bi ire concluded to have congruent configurations to ( )}-[Co(EDTA)] 
This result particularly significant since these compounds also undergo reaction with ethyl- 


enediamine. Although the structures of these pentadentate complexes have not been determined, the 


results of WEAKLIEM and Hoarp'*’ and SmitH and Hoarp‘’ on salts of [Co(EDTA)]~ and on 


H,Ni(EDTA)-H,O strongly support the hypothesis that the most abundant (or sole) isomer will exhibit 


that structure given by replacement of a carboxyl group at position 4 (or 3), as numbered in structure 
I, by the monodentate group. The ready replacement of the monodentate groups Cl” and Br should. 
therefore, permit operation of a stepwise mechanism very close to that described above for the reaction 


of [Co(EDTA)] withethylenediamine. Thereactions of salts of [Co(EDTA)CI]~> and [Co(EDTA)Br] 


with ethylenediamine have been studied by Dwyer and GARVAN") and the results are totally in 
agreement with the arguments presented here. The percent of the excess isomer of [Co(en),] 
iverages 54-8 0-3 per cent for the reactions of three pentadentate salts in 50°, aqueous ethylene- 


diamine he configurational relationships are delineated below 


L-(-+ )-[Co(EDTA)C]] 


-[(Co(EDTA)] < : 
A apemataies L-( + )-[Co(EDTA)Br] 


4 * 
)-[Co(en).]° 


4{mer. Chem. Se 81, 556 (1959) 
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The mechanism and concomitant configurations inferred above are further supported by the 
behaviour of the ion [Co(EDTA)NO,]~ upon reaction with ethylenediamine. In this case, no 
retention of configuration is observed, the product being totally racemic. The absence of rotation in 
this product provides direct evidence for the hypothesis stated, since the monodentate group (NO,~) 
almost certainly would block one of the two positions required by the particular isomer of the inter- 
mediate, [Co(EDTA)en] , which leads to retention of configuration; i.e., the 3 and 4 positions. 

rhe results and considerations presented above may be applied to the complexes of propylene- 
diaminetetraacetic acid (H,PDTA) to infer the conformation of a chelate ring containing a methyl 
group at the positon alpha to a co-ordinated nitrogen atom. Recently, Dwyer and GARVAN'? 
reported the synthesis of HyPDTA from optically active propylenediamine. The configuration of 
L-(-- )-propylenediamine was determined by SCHNELL and KARRER'*) by the conversions given 
below. The configurations of L-( + )-propylenediamine'®’ is shown in structure II] 


L-(-- )-alanine — L-( + )-alaninamide — L-(+-)-propylenediamine 


CH,NH, 


H,N>C<@H 


CH, 


Structure III 


From the relationships given and the mode of synthesis, L-(--)-H,PDTA-H,O has the rotation 


} 4 


1% Ip 47 rhe configuration is that given in I\ 
CH,N(CH,COOH)» 
(HOOCCHg).N ® C 4H 


CH, 


Structure I\ 


rhe synthesis and resolution into optical isomers of the hexadentate complex of propylene- 
diaminetetraacetic acid [Co(PDTA)]~ has also been reported.'') It was observed that this ligand 
exhibits a complete stereospecificity so that removal and reclamation of the ligand from the optically 
active complex yields ligand of a single pure enantiomorphic configuration. This can only mean that 
the configuration of the complex is determined by that of the ligand. A similar stereospecificity is 
known in other cases; however, none is so simple as the example under consideration.'"® 

Since the spectral properties of [Co(EDTA)]~ and [Co(PDTA)] are very similar and the rotations 
ire the same [%];46) 1000, it may be assumed that the same configurations of these two closely 


O 


0 


Structure \V 


F. P. Dwyer and F. L. Garvan, J. Amer. Chem. Soc. 81, 2955 (1959). 

S. SCHNELL and P. KARReER, Helv. Chim. Acta 38, 2036 (1955) 

It should be noted that L-(-+-)-propylenediamine is the form which produces a dihydrochloride having a 
negative rotation. This material has generally been denoted as the dextro form, since the rotation of the 
free amine is positive at the sodium D line. 

Examples are discussed in an outstanding paper by E. J. Corey and J. C. BAILAR Jr., J. Amer. Chem. Soc. 
81, 2620 (1959). 
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the algebraic signs of their rotations. Further, the rotatory dispersion 


} this laboratory and are found to be almost identical. It follows that 


PDTA)]~ has the configuration given in structure | above. L-(+ )-PDTA has previously 


PDT Structure V follows from the absolute configurations of the complex 
he gauche conformation of the chelate ring.'*’ It should be noted that the 


quatorial position in the chelate ring, in complete agreement with the 


on similar systems 


the National Science Foundation is gratefully acknowledged 


DarRYLE H. BuscH 
DEAN W. COOKE 


Some aspects of the stoicheiometry of UO,.,., relevant to the preparation of uranium 
isotopic standards, and a redetermination of the uranium-235 content of natural uranium 


ed 25 May 1961) 


im are best prepared by gravimetric blending of samples of 


otope under consideration. Their quality depends not so much 


ight of the samples, but on how precisely it is possible to 


ympositions. Because the chemistry of the uranium-oxygen 


phases exist under appropriate external con- 


‘ 


vas investigated yart Oo 3 
Wa vestigated aS pa&rt O1 
i. I 


the uranium-235 

the ignition temperature. This is illustrated 

follows 1en samples of oxide, which have been freshly 

1 to 1000 C, they suffer a loss in weight, part of which is 

ermal cycle within this temperature range, however, the 

ture are reproducible with a precision of 0-005 per cent 
pies quoted it Table | 

veight between 800 and 1000 C is about 0-05‘ 
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The method recommended for converting samples to a similar stoicheiometric state is to heat the 
oxide at 1000 °C for at least 8 hr, followed by ignition for a similar period at a standard temperature 
chosen in the range 800-850 ¢ he ignitions are performed in air, and at the end of the treatment 
samples are cooled to room temperature as rapidly as possible 

rhe stoicheiometry of a sample of UO,.,; does not depend on the chemical route by which it is 
made. This was proved by making blends from two components, the first of which was a bulk sample 
of oxide highly enriched in uranium-235, while the other was made by heating uranyl formate and 


uranyl nitrate depleted in uranium-235 under various conditions of temperature. In all cases, however, 


TABLE | REPRODUCIBILITY OF WEIGHT OF A SAMPLE 
OF UQg,..; AT DIFFERENT TEMPERATURES 


Temperature of Weight of samples of oxide (g) 
successive ignitions 


Sample A Sample B 


0-753222 0-820252 
0-752848 0-819817 

0-753184 0-820203 
0-752843 0-819870 

0-753178 0-820228 





the samples were subjected to the recommended thermal treatment immediately before blending 
Any variation in stoicheiometry between the samples would show itself as a deviation from the 
expected concentration difference between pairs of blends. This was sought by converting the pairs 
to uranium hexafluoride and applying the methods of high-precision mass spectrometry’? to this 
compound. It was possible to show that variations in the molecular weight of the oxide UO,.,; were 
less than | part in 10*, which therefore represents the maximum contribution from stoicheiometry 
to the final uncertainty of the uranium-235 concentration in a synthetic blend 

Full details of the experimental techniques developed for this work, together with a description of 
precise blending by a weighed-solution method and a rigorous discussion of errors and their statistical 
treatment in relevant gravimetric procedures, are to be published 

These methods have been used to redetermine the uranium-235 abundance in natural uranium 
Highly enriched and highly depleted materials were blended to make duplicate standards at the 
natural level, each of which was compared with a sample of a bulk stock of natural uranium using an 
A.E.1. type M.S.2 mass spectrometer. A comparison consisted of 22 separate measurements, and it 
each case the standard error of the mean was 0-00006 atomic-per cent. When the uncertainty 
inherent in the calculated compositions of the two blends was taken into account, the final value of 
the natural abundance of uranium-235 was found to be 0-7196 0-0003 atomic-per cent, equivalent 
to 0-7106 0-:0003 weight-per cent, in excellent agreement with the work of GREENE, KIENBERGER 
and Meservey"? (0-71057 0-:00059 weight-per cent). The error associated with 


(95 per cent confidence limit) is chiefly accounted for by uncertainties in the composition of the 


primary standards. Because the internal consistency between the results of the two compariso1 


better than | part in 10*, errors from stoicheiometry were within the limits claimed 


s 


Although HAMER and Rossins'*’ found no evidence for relative variations in the uranium-23 
content of natural uranium greater than 0:1 per cent, SMITH'®’ observed a variation of about this size in 


one ore from New Mexico. It is therefore doubtful whether there is any value in attempting to repeat 


the measurement to higher accuracy 


J. BisHop, D. F. Davipson, P. B. F. Evans, A. N. Hamer, J. A. MCKNIGH1 

Instrum. 38, 109-118 (1961) 

4. N. HAMeR and B. R. Grunpy, U.K 
” R. E. GREENE, C. A. KIENBERGER and 

K—1201 (1955) 

A. N. HAmerR and E. J. Rossins, Geochim. et Cosmochim. Acta 19, 143-145 (1960) 

L. A. Smitu, U.S.A.E.C. Report K—1462 (1961) 


A.E.A., DEG Report 248 (CA) (to be issued} (1961) 
4. B. Meservey, Carbide and Carbon Chemicals (¢ 
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Mechanisms of the stereospecific reactions of hexadentate cobalt(III) 


complexes with ethylenediamine—an inversion process 


IN Of optically active ethylenediaminetetraacetatocobaltate(II]), Co(EDTA) , and 
jiaminetetraacetatocobaltate(II1), Co(PDTA) , with ethylenediamine produce tris(ethyl- 
ne)cobalt(II1) in high yield."':*?) Dwyer and GARVAN showed that the reaction of Co- 
ith en is stereospecific; i.e., the Co(en) is produced with a particular enantiomer in 
‘ther. This stereospecificity is without parallel in its dramatic nature, for every bond to 
which functions as the center of asymmetry, is replaced in the reaction 
lier communication, *’ investigators in these laboratories have suggested the most rational 
for the step-wise displacement of the donor atoms of EDTA®* from the cobalt(III). The 
ds directly to a link in absolute configuration between Co(EDTA) and Co(en),**, and that 
ner has, in consequence,'*’ been deduced, providing the first example of such an indirect 
determination among octahedral structures. The very close correspondence of the 
tra and rotatory dispersion curves for d-¢ O(EDTA)~ and p-Co(l-PDTA)~ permitted 
tensions of the results to Co(PDTA) Finally, that earlier report also revealed that the 
on the N—C ( N chelate ring in Co(PDTA) has an equatorial orientation 
IRVING and GILLARD reported the results of the reaction. between (—)-Co((— )- 
r observed yields and rotations, the reaction of (—)-K[Co((— )-PDTA)] 
ast a 90 per cent yield of Co(en),1,°3H,O, with the dextro (+) isomer constituting about 
f the product 
th investigations of a number of reactions of Co(EDTA) and Co(PDTA) 
tudied this elegant process and shown that the maximum equilibrium rotations observed 
) the conversion of (—)-Co((- )-PDTA) into (-- )-Co(en),;** with complete retention of 
er, we had viewed our experiments with misgivings because of the concurrent 
yn-transfer racemization, ‘*-* 1 process which occurs as a consequence of the 
solution of a small amount of the catalytic cobalt(II) ion.''*’ Since this complete 
s now been observed in two laboratories, it is considered appropriate to discuss 
f the effect 
have studied the kinetics of the reaction of ethylenediamine with Co(PDTA)~ as a 
concentrations, pH, and temperature. This reaction may be studied more readily than 
x Co(EDTA) because of the relative rates of the competing OH and en reactions in the 
The combined stereochemical and kinetic results provide a revealing insight into 


ism of this unusually intricate reaction 


J. Amer. Chem. S¢ 80, 4480 (1958) 
Chem. S 1961, 2249 
J. Inorg. Nucl. Chem. in press 
d-(Co(en) 1as been determined by an X-ray method. See Y. Saito 
apan, 30, 795 (1957); Acta Crystall. 8, 729 (1955). 
s ba the reported specific rotation [x]p 90° for the salt in question. See J. A. 
F. P. Dwyer, and J. W. HoGARTH, Jnorganic Syntheses, 6, 185 (1960) 
rris and D. H. Buscn, J. Phys. Chem. 63, 340 (1959) 
KE and D. H. Buscn, presented he 137th National Meeting of the American Chemical 
r nd. Ohio. 1960 
1 D. H. Buscn, J. Amer. Chem. Soc. in press. 
D. H. Buscu, J. Amer. Chem. Soc. in press 
A. IM. D. W. Cooke, and K. SWAMINATHAN, Paper presented at Sixth International 
-ordination Chemistry, Detroit, 1961 
{mer. Chem. Soc. 77, 2747 (1955) 
followed the procedure of Dwyer and GarRvAN. See footnote (1). 
ind D. H. Buscn, unpublished results. 
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Casual inspection of the stereochemical data is sufficient to evoke interest, for if the configurational 
relationships between reactant and product for the case of Co(EDTA) are taken as a basis, then the 
reaction of Co(PDTA)~ with en clearly represents an inversion (equations | and 2).'" 

(+ )-Co(EDTA) 3 en — (+ )-Co(en),° EDTA‘ (1) 
(+ )-Co((—)-PDTA) 3 en — (—)-Co(en),** (—)-PDTA‘ (2) 


as being the 


The stereospecificity of the reaction of equation | has been satisfactorily explained ‘* 
consequence of almost equally likely parallel paths which produce the same or opposite configurations. 








Fig. | 


This is shown in summary in Fig. |. The initial point of attack is justified by the structural studies of 
WEAKLEIM and Hoarp,'!®) and SMitH and Hoarp.'!*) The several paths are not mechanistically 
detailed and, also, only the entrance of the first molecule of en is described. It can be shown that the 
statistical distribution of isomers in the product is not altered by the permutations associated with the 
addition of the second molecule of en. It is significant that the distribution of isomers in the product 
obtained from Co(EDTA)>~ is Statistically derived, not sterically determined in the usual sense. The 
success of this model when applied to the EDTA case requires that consideration be given to the 
alternate paths of Fig. | in accounting for the stereospecificity of the Co(PDTA) en system. 


'#) Inversion processes among octahedral structures are rare. See for example,, J. C. BAILAR, JR., “Chemistr) 
of the Co-ordination Compounds,” p. 344, Reinhold Publishing Corp. New York, 1956. 
H. A. WEAKLEIM and J. L. Hoarp, J. Amer. Chem. Soc. 81, 550 (1959). 
G. S. SmitH and J. L. Hoarp, J. Amer. Chem. Soc. 81, 556 (1959). 
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)-Co(PDTA)~ produce (—)-Co(en),**, this must not 


lar attack, dictates that ( 
It is immediately apparent that the 


thylenediamine reaction with Co(PDTA) 
hyl group on the periphery of the PDTA complex presents a steric effect which 
)f stereospecificity previously ascribed to the reaction of Co(EDTA) 

The causative steric relationships are 


)-PDTA)~, as shown in Fig. 2 


tistical source ¢ 


1 | occurs to the exclusion of path 3 
> proper stereochemical model of (—)-Co(( 


‘nted methyl group is most strongly repelled by the methylene group of the 


RY. . 
| ita oe | al XY 


/ 
/ 


position 6 (Fig. 2). In consequence, the polar group at 6 will be displaced 

han that at 1. It is also necessary to assume that the planar carboxyl group at 3 be 
is is also justifiable on the basis of the mutual crowding of the 

The most rational stereochemical path is 


iting at £ 


yreference to that at 2 Th 
H, groups and the adjacent methyl group 
The sequence given in Fig. 3 involves one additional assumption concerning the order 


It must be 


yming groups which was not required in the Co(EDTA)~ case 
the structure of the intermediate containing two moles of co-ordinated en is that given 


)f this assumption finds support in the 


t that given by Fig. 4b. The logical validity <« 
mplexes which contain bidentate EDTA, for these all have structures analogous to 4(a) 


J). C. BAl Chen 716 (1956). 
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The kinetics of the reaction of Co(PDTA)~ with en are remarkable for their simplicity. Over the 
pH range from 9-5 to 11-5 in substantial excess of ethylenediamine-ethylenediammonium buffer, the 


rate process is strictly pseudo first order, proceeding by a single rate-determining step to the sole 


Fig. 5 


product Co(en),° The observed pseudo-first order rate constants conform closely to the expression 
given in equation 3 
Kor Q,(en(OH -)/[I1 O(OH~)] (3) 


The form of this rate law is readily derived, under the steady state assumption, for the scheme given 
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mpletely consistent with all the kinetic and stereochemical aspects of this fasci- 
oposed mechanism provides an interesting example of an Sylcb process 
nucleophilic attack at the cobalt(III) atom. The kinetic studies will be 
elsewhere. It should be pointed out, however, that the distinctive (OH~) depend- 
process provides a pleasing explanation for the fact that only a single (consecutive) 
irs. The intervention of an Sylcb mechanism after co-ordination of the first 
iately clarifies the relatively great rate at which the second and third ethylenedia- 
idded 


the NATIONAL SCIENCE FOUNDATION is gratefully acknowledged. 
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Vanadium (IV) formate 
(Received 30 August 1961) 


he transition metals are quite limited in extent. Only the lower valence states of 
th, seventh and eighth families have been reported. The acetate of titanium is limited 
MrO(OOCCH,) We have observed the formation of vanadium (IV) formate, 
ing from the reaction of anhydrous formic acid with vanadium (III) chloride. The 
this unusual compound readily separate from solution after either VCI, or VCI, has 


th an excess of acid. It was found convenient to reflux 550 ml of anhydrous formic 


g of VCl, for 64 hr. After separating on a Buchner funnel, the crystals were washed 
nic solvent he product analysed 21-8 per cent vanadium and 20-5 per cent carbon. 

m appeared in the tetravalent state as determined by titration with ferrous ion in 
henyl amine sulphonate. The atomic ratio of vanadium to carbon of 1:4-05, the 











of ViOO*C H), 


ist th a calculated 22-05 per cent vanadium and 20-8 per cent carbon content and 
| decomposition data strongly support our assumption of the formula V(OOCH),. 
tion of the vanadium formate by Cu radiation X-ray (K, 1-54178) showed a body- 
ture with eight molecules per unit cell (volume 1643 10-24 cm’) and a, - 

ve index was observed to be 1-61. The calculated density was 1-87. This agrees 

density of 1:79, an average of several pycnometric densities using different 

he solubility of vanadium (IV) formate is what one would expect. The compound was found 
nsoluble (0-03 g/l.) in organic solvents: n-hexane. tetrahydrofuran, ethanol, ethyl ether, acetone 
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and benzene. Its solubility in water was 21-8 g/l. No decomposition was observed in air at room 
temperature and the compound was not hygroscopic. While the point was not checked, it is our 
belief that the salt could not be recovered by evaporation of its aqueous solution 

A thermal decomposition curve for vanadium (IV) formate is shown in the figure below. In air, 
the compound is rapidly converted to V,O;. The reaction starts at 140-160°C, and is complete by 
280°C. In argon, decomposition does not begin until about 240 C and the final product is V.O, 
In hydrogen, a two-step process was observed. 

The first stage is the reduction to V(OOCH), beginning slowly below 160° and being completed 
by 220°. This compound is stable to 280° where rapid conversion to V,O,; begins. These decomposi- 
tions were followed by means of a Stanton recording thermogravimetric balance 


{cknowledgement—The authors are indebted to Mrs. G. FAULRING of the Union Carbide Metals 
Company for determining the structure and associated properties 

P. H. CRAYTON 
Research and Development Division ‘RN. VANce. JR 
The Carborundum Compan) 
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Infra-red absorption spectra of biuret and its metal complexes 
(Received 17 August 1961; in revised form 18 September 1961) 


DuRING the course of a study on infra-red absorption spectra of complexes of biuret with bivalent 
metals, I have found that the biuret molecule exists in at least two forms depending on the recrystalliz- 
ing conditions. Crystals recrystallized from water (biuret monohydrate) give an infra-red absorption 





; 


ransmission 
—_——_—_—_.————_—_———_-———_ 





Wavenumber cm” 


Infrared spectra of biuret. (a), crystals from water (solid line); (b), crystals fron 


alcohol (broken line) 


curve shown in Fig. 1, (a), and those from ethanol give a different curve (b). The former and the 
latter will be called the form « and f. The observed frequencies are shown in Table | and the most 
characteristic bands of each form are designated by * in the table. These curves were obtained in 
hexachlorobutadiene and in Nujol mulls over their proper regions by means of a Perkin-Elmer 
Model 21 with sodium chloride and calcium fluoride prisms 

These two forms seem to transform into each other. For example, Fig. 2 shows the changes of 
characteristic bands in 1800-1200 cm~'; (a) is a spectrum of the «-form taken in Nujol and hexa- 
chlorobutadiene mulls and (b) is the one of the same sample taken in a KBr pellet. It is seen that 
the bands of the f-form appear in the latter curve. After keeping for six days, the same KBr pellet 
gave almost the same spectrum as (a). No chemical reaction seems to have occurred between biuret 
and KBr powder, for the bands in a KBr pellet coincide with either those of the x- or /-form taken 
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ABSORPTION FREQUENCIES OF BIURET, Cm 


}-form 


3402 


3250 


2820 
2020 


1600 


141] 


nediun 
da, Droad 


two lorms seem to be present 
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in Nujol or hexachlorobutadiene mulls. A similar phenomenon is observed on taking the spectrum 
| 5 I 


at 70°C with the use of a heating stage 
Water must be the main factor influencing the transformation, because the chemical analysis 
gives the composition for the «-form as C,H,;N,0,°H.O, while for the /-form as C,H;N,O,. Water 
molecules in biuret hydrate are loosely bonded and are partly lost on storage, but the infrared 
} 


absorption spectrum Is the same as that of the monohydrate. Regarding this problem, see the 


AWA 


ifrared spectra of biuret in mu i -| I (b), after keeping in moist air 


— 


Infrared spectra of biuret complexes 


his-biuret-cadmium (II) chloride 
bis-biuret-mercury (II) chloride 
. bis-biuret-nickel (11) chloride 


bis-biuret-mangan (I1) chloride 


discussion given in ref. (3). In order to ascertain this further, crystals of the /-form were left stand- 


ing Overnight in moist air. Che absorption curve of this sample showed clearly the characteristic 
bands of the ~-form, as is seen from F ig. 3 

As is expected from its structure, it is possible to consider several configurations for the biuret 
N links. Among them, the following two 


molecule because of the internal rotation about two ¢ 
The situation is thus similar to 


planar (approximately) configurations would appear most probable 
the case of diacetamide discussed recently by UNo and MACHIDA Since HUGHES, YAKEL and 


S. KINUMAKI, K. Aiba and H. Minecisui, Bull. Chem Res. Inst. Non 1q weous Solutions, Tohoku Un 
Sendai, Japan. In press 
T. UNo and K. Macuipa, Bull. Chem. Soc. Japan, 34, 545 (1961) 
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FREEMAN have found the 
I 


x-form of biuret hydrate to be the trans configuration by X-ray study, 


the £-form must have a different configuration which could be the cis form if the molecule is planar 


-form }-form 
H H 


nteresting to note tha 


t in Ais-biuret-cadmium (II) chloride, the biuret is found to be in a 
[hen the characteristic bands of the «-form are expected in the infra-red 


guration 


absorption spectru 


um of this complex although some of the bands will be modified by the influence 
This is exactly the case as is seen from Fig. 4 
hand, FREEMAN, SMITH and TAYLOR 


-biuret-copper (II) chloride 


cooraimnation 


r 


othe have suggested the cis configuration in the 


However, the coincidence between the characteristic bands 
rm and the observed frequencies is not too satisfactory and the question remains in this 

other metal complexes, it is fairly simple to tell whether the biuret is in «- or $-form 
imples are shown in Fig. 4. From considering the characteristic bands, biuret appears to 
cases of Cd and Hg complexes, while in the /-form in Mn and Ni complexes 
yn these complexes is now going on in this laboratory and will be reported later 


4-TOrm In 
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Isotopic exchange in gas-chromatography 
(Received 28 July: in revised form 6 October 1961) 


[HE separation potentialities of the gas-chromatography method and the dependence of the hetero- 
zeneous isotope exchange on diffusion’? make this method attractive to study heterogeneous isotope 
exchange reactions and preparation of pure, high specific activity labelled compounds 

As an extension of our work on the separation of volatile metal halides by gas chromatography" 
we have examined the isotopic exchange by this method between the chlorine of volatile germanium 


(IV) and arsenic (III) chlorides and a **°C] labelled liquid or solid phase. It was found that carrier 


free labelled compounds can be obtained by this method, the exchange proceeding at a fast rate. 
The apparatus consists of a glass column heated to 100° by a muffle furnace and packed by John 


Mansville Sil-O-Cel insulated fire-brick (—30 50 mesh) either uncoated or coated with 30 per 


Nitrogen was used as carrier gas at a flow rate of 
10 ml/min. Samples of 10 I. of carrier free 1-4 N 


hypodermic syringe 


cent w/w Edwards high vacuum silicone grease 


H**Cl were introduced into the column by a 
After elution of the unretained hydrochloric acid, samples of 1-4 “g of german- 
ium (IV) and arsenic (III) chloride dissolved in 10 yl. xylene were introduced in the same manner 


M. Haissinsky, La chimie nucléaire et ses applications. Ed. Masson et Cie (1957) p. 472 


Semi-annual report of the Israel AEC Laboratories (Jan._June 1961) IA-620 
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ge between the chlorine of the metal chlorides and the **Cl retained on the 


column was determined by collecting fractions of eluted material in ethanol and counting the *°C] 


The isotopic exchan 


activity with a liquid beta counter. The presence of germanium and arsenic in samples containing 
high activities of chlorine in the gas-chromatography elution of the metal chlorides, was confirmed 
by neutron activation and gamma counting and by comparison of the retention times with those 
found in gas-chromatography of *’Ge or **As labelled compounds. 

Well defined single peaks of carrier free germanium (IV) and arsenic (III) chlorides were obtained 
in the gas-solid chromatography experiments performed on Sil-O-Cel fire brick. Retention times were 
30 sec and 2 min for the germanium tetrachloride and arsenic trichloride respectively. 

Although several peaks were obtained in the gas-liquid chromatography of the chlorides on 
silicone grease, possibly due to their reaction with the grease, the **C] activity found in the fractions 
containing germanium or arsenic indicates that a total exchange occurred between the chlorine of 
the metal chlorides and that retained by the column after the H*®C! elution. 

Isotopic exchange reactions between metal halides and other halogens using different liquid 
phases and under different experimental conditions are presently under investigation 


Israel Atomic Energy Commission Laboratories J. TADMOR 
Rehovoth 


Low-temperature investigation of the Szilard-Chalmers reaction 
in potassium permanganate 


(Received 28 August 1961) 


IN a recent communication the authors reported experiments in which the Szilard-Chalmers 
reaction was investigated in several crystalline systems (alkali bromacetates and chromates) which 
had been irradiated with neutrons at low temperatures. The novelty of these experiments lay in the 
procedure of analysis, which involved dissolution of the irradiated crystals at low temperature. In 
this manner the recombination of thermolabile radioactive species present in the crystal following 
irradiation was partially prevented, and retentions'*) which were considerably lower than the corre- 
sponding room-temperature values were observed. Evidence was also obtained of rapid annealing in 
certain crystals at temperatures as low as 0'C 

These studies have now been extended to crystalline potassium permanganate. The Szilard- 
Chalmers reaction by which radio-manganese (Mn?°*, 2:56 hr) is obtained in separable form, as 


MnO.,, was first observed by FERMI et al.‘*.4 


All radiochemists are familiar with the classic investiga- 
tions of Lispy'*’ on this same salt. Further experimental work has been reported’~'” and in one of 
these papers SANo''! describes the effect of neutron irradiation and storage at low temperature 
However, he dissolved his material ‘‘in distilled water”, and therefore, at a temperature greater 
than 0°¢ 

In our work we dissolved recrystallized, irradiated potassium permanganate in acetone which 
had been specially purified to remove methanol. The reduced form of manganese-56 was collected 


by the addition of purified, dried manganese dioxide. The completeness of collection and stability 


Nature (Lond.). 191, 1287 (1961) 

The percentage of radioactive atoms found in the original chemical form has been called the “retention” 
by Lipsy, J. Amer. Chem. Soc. 62, 1930 (1940) 

E. AMALDI, O. D’aGostINo, E. Fermi, B. PONTECARVO, F. RAsetri1 and E. SeGre, Proc. Roy. So 

(Lond.) A149, (1935) 

O. D’AGostINo, Gazz. chim. ital. 65, 1071 (1935), mentions the separation of the reduced form on a 
precipitate of manganous carbonate, which probably carried down the MnO, actually present 

W. Rieper, E. Bropa and J. Erper, Monatsh. 81, 657 (1950) 

K. J. McCatium and A. G. Mappock, Trans. Faraday Soc. 49, 1150 (1953). 

E. Bropa and W. Rieper, J. Chem. Soc. (1949) $356 

W. RieperR, Acta Phys. Austriaca 4, 290 (1950) 

A. H. W. Aten, Jr. and J. B. VAN BerKuM, J. Amer. Chem. Soc. 72, 3273 (1950) 

J. R. Botton and K. J. MCCALLUM, Canad. J. Chem. 35, 761 (1957) and Nature, (Lond.) 184, 1717 
(1959). (Studies of sodium and lithium permanganate) 

H. Sano, Bull. Chem. Soc. Japan 33, 1738 (1960). 
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anganate were carefully checked in additional experiments which 
results, including the complete thermal histories of the irradiated 


at the beginning of which some results of other experimenters are 


rmation on the relative importance of the recoil and annealing 


potassium permanganate. It is clear that the maximum chance of 


of a permanganate ion through the nuclear process is less than 5 


iarters of the retention observed at room temperature is the result 
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rocesses, which occur at appreciable rates even in the temperature range —60 to —90 ¢ 
t is interesting that retentions as low as 4 to 6 per cent have been found'*’ for room- 
ions of solid LiMnO,:3H,O, NaMnO,-:3H,O, Ca(MnQO,), and Ca(MnQ,),-5H,O 


nate aqueous solutions (5 per cent'®’) and acetone solutions (1 | per 


results carry a grave implication for the validity of hot-atom studies 
iat, to obtain retention figures which reflect the primary effect of 
temperatures must be limited to extremely low values during ever 


the actual moment of dissolution 
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SPALLATION OF ARSENIC WITH 590 MeV PROTONS 


G. RUDSTAM and E. BRUNINXx 
CERN, Geneva 


(Received 19 September 1960) 


Abstract—The yields of about 50 spallation products formed by the bombardment of arsenic with 
590 MeV protons have been measured. It is found that the cross section distribution can be described 
by a four-parameter formula which reproduces the experimental cross sections within a factor of two 
on the average. 
INTRODUCTION 

THE spallation of medium weight elements has been the subject of many investiga- 
tions.”) In the present work the yields of products formed by the irradiation of 
arsenic with 590 MeV protons have been determined in order to extend experiments 
at lower energies.'*-3) Arsenic is a suitable target element because there is only one 
stable isotope, namely “As. Furthermore, the formation cross section of a large 
number of spallation products covering a wide mass region can be determined. The 
results are therefore very well suited for a check of the cross section formula given by 
RUDSTAM:"™? 

o(Z, A) = exp [PA — Q — R(Z — SA)*}. (1) 


In this formula o(Z, A) is the formation cross section of the nuclide of atomic number 
Z and mass number A, and P, Q, R, and S are parameters depending on the target 
nucleus and on the kind and energy of the bombarding particles. 

The formula given above has been applied with success to a large number of 
spallation reactions induced in medium weight elements by particles of energy from 
50 MeV to 5:7 GeV including arsenic bombarded with 50-170 MeV protons. Raising 
the irradiation energy to 600 MeV will in the latter case considerably increase the 
number of measurable spallation yields, and the applicability of the cross section 
formula to practically the whole mass range below the target mass can be investigated. 


EXPERIMENTAL 

“Specpure” arsenic powder containing no impurity likely to give any significant 
error in the results was used as target material. The targets were irradiated with 
590 MeV protons in the CERN synchro-cyclotron. After the irradiation it was 
dissolved in nitric acid containing small amounts (usually 200 wg) of the elements to 
be studied. These were then separated and purified and finally dissolved in 0-2-0-5 ml 
of either dilute nitric acid or ammonia. From these test solutions 50 2 samples for 
activity measurement were taken with a micro-pipette and evaporated on thin 
aluminium foils. For the determination of the chemical yield the concentration of the 
test solutions was measured by spectro-photometric methods or micro-titration. 

For a review see J. M. MILLER and J. Hupis, Ann. Rev. Nucl. Sci. 9, 159 (1959). 


2) G. RupstamM, Spallation of Medium Weight Elements, inaugural dissertation, Uppsala 1956. 
®) J. B. GUMMING, NYO-6141 (1954). 
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The decay of the samples was followed by counting the activity with end-window 
flow-proportional counters. The conversion of counting rates to disintegration rates 
was simplified by the thinness of the samples (less than 0-2 mg/cm?) because the 
correction for self-scattering and self-absorption could be neglected. The correction 
factors used for the evaluation of disintegration rates were obtained from reference (2). 

In a few cases 5 mg of carrier was used, and the final sample was prepared by the 
filtering technique. The correction factors were then taken from the work by Pappas“? 


and by NeRVIK and STEVENSON.” 

he different isotopes in a sample were identified by the half-lives, the /-energies 
(from absorption curves), and the y-spectrum as measured with a 100 channel y- 
spectrometer provided with a 3in. x 3in. sodium iodide crystal. In some cases 
(chlorine, scandium, cobalt, zinc and gallium) where the complex decay curves cannot 
easily be resolved into its components, the disintegration rates of the different isotopes 
were obtained by analysing the y-spectra. 

[he chemical procedures followed were essentially those given by RuDSTAM.") 

In all irradiations copper was separated and the isotope “Cu was used as an 
internal monitor, i.e. all cross sections were determined relative to the formation cross 
section of “Cu. They were converted to absolute cross sections after a determination 
of the cross section of “Cu from arsenic relative to that of *4Na from aluminium in 
irradiations of a mixture of arsenic and aluminium powders. The formation cross 
section of **Na from aluminium has been determined by GoeBeL and ScHuLtes. It 
was found to be 11-0 — 0-5 mb at 590 MeV. This result was used in the present work. 


SPALLATION YIELDS 

[he formation cross sections of the spallation products of arsenic when irradiated 
with 590 MeV protons are collected in Table 1. These cross sections can generally be 
considered as independent since the maxima of the charge distribution curves occur 
close to the stability line and the cross sections fall off rapidly at the wings of the 
distribution. This means that the independent cross section for the formation of 
a nuclide is generally much smaller than that of its daughter. Corrections for the 
growing-in from isobars were carried out whenever possible, however, i.e. when the 
yield of the mother nuclide was also measured. 

The yields given in Table | are in most cases averages of several determinations. 
[he errors are standard deviations estimated from the spread of experimental values 
and from the uncertainty of the factors involved in the conversion of counting rates to 
disintegration rates (including insufficiently known decay characteristics). 


THE CROSS SECTION DISTRIBUTION 
\ large number of experimentally determined cross sections are now available for 
a test of the cross section formula (equation (1)). By fitting the formula to all the 
cross sections in Table 1 except to cross sections of “*Se and “Se the best values of the 


parameters are found to be 
P = 0-161 0-008: O = 681 0-43; R= 1:12+ 0:10; S = 0-462 


PAPPAS, Technical Report No. 63, Laboratory for Nuclear Science, Massachusetts Institute of 
logy (1953) 
NerRvVIK and P. C. STEVENSON, Nucleonics 10, No. 3, 18 (1952). 

GoesBeL and H. ScHuttes, CERN Report No. 60-3 (1960). 
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TABLE 1.—SPALLATION YIELDS 








Nuclide a/064¢, Oexp in millibarns Ocaic in millibarns 


*4Na 
*°=Mg 


32p 


3 3p 


3 5S 


“Sc 
ae 
‘Sc 
a8y 
4 Cr 
ir 
*Mn 
2mMn 
'Mn 
6Mn 
532Fe 
Fe 
'Co 
Co 
"Co 
oF 
emo 
“a 
89Ni 
“Cu 
at, 
67Cy 
627 n 
wa” 
somZ7n 
"Ga 
®'Ga 
“ie 
"Ga 
®*Ge 
*8Ge 
"Ge 
Ge 
70AS 
71As 
72As 
73As 
M4As 
72Se 
73Se 


0-0068 
0-0013 
0-018 
0-0073 
0-010 
0-00023 
0-0011 
0-0109 
0-0053 
0-029 
0-0127 
0-021 
0-0016 
0-023 
0-009 
0-023 
0-070 
0-046 
0-009 
0-19 
0-0117 
0-52 
0-18 
0-11 
0-23 
0-27 
0-:0012 
0-087 
0-029 
0-27 
0-43 
0:40 
0-16 
0-12 
0-035 
0-48 
| 

0-101 
0-05 
0:8 
0-08 


0-085 
0-17 


0-0005 


t 0-0003 


0-001 
0-0006 
0-003 


0-00002 


0-0005 
0-0013 
0-0006 
0-002 
0-0007 
0-004 
0-0005 
0-009 
0-003 
0-007 
0-023 
0-014 
0-003 
0-02 
0-0012 
0-08 
0-03 
0-03 
0-08 
0-07 
0-0002 
0-014 
0-005 
0-08 
0-07 
0-17 
0-08 
0-02 
0-002 
0-03 


0-005 
0-02 
0-3 
0-03 
0-17 
0-5 
0-15 
0-10 
0-16 
0-6 
1-4 
1-1 
0-09 
0-7 
0-2 
1-0 
0-5 
0-010 





0-16 
0-031 
0-43 
0-18 
0-24 


0-0055 


0-026 
0-25 
0-13 
0-70 
0-30 
0-50 

0-038 
0-55 
0-22 
0-55 

1-7 

1+] 

0-22 


4-6 


0-029 
2:1 
0-70 
6°7 
10 


0-02 
0-008 
0-07 
0-03 
0-08 
0-0008 
0-012 
0:04 
0-02 
0:10 
0:04 
0-11 
0-017 
0-23 
0-08 
0-20 
0-6 
0-4 
0-08 
0-7 
0:04 


+ 


0-9 
0-8 | 
2:0 
1-9 
0-006 
0-4 
0-15 


0-05 
0-045 
0-18 
0-21 
0-30 
0-033 
0-040 
0-35 
0-18 
0-78 
0-48 
0-77 
0-080 


0-27 
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The charge distribution of the spallation products. 
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The root-mean-square error of (log ¢,,.,, 
that the cross section formula reproduces the cross sections within a factor of two on 
the average (e°7° — 2-03). 

The calculated cross sections can be compared with the experimental ones in 
Table 1. 


In order to reveal any systematic deviation from the cross section formula in any 


log @,9),) is in this case 0-706. This means 


mass region the ratios between calculated cross sections and measured ones have been 
plotted versus mass number in Fig. 1. No systematic trend can be detected in this 
figure. 

Fig. 2 shows the charge distribution. It is obtained by plotting (‘log o, =~ FA 
Q) versus (Z — SA). The parabola drawn in the figure represents the charge distribu- 
tion given by the cross section formula, i.e. the expression — R(Z — SA)’ with R equal 
to 1-12. 

DISCUSSION 

The present work was carried out in order to test the cross section formula given in 

Equation (1) for a wide range of spallation products. The formula was fitted to the 


experimental cross sections of 50 spallation products, ranging from *4Na to “As, with 


cross sections varying by a factor of 20,000. With this in mind the agreement between 
the calculated data and the experimental ones must be considered as good. The 
formula represents well the general trends of the cross section distribution. Clearly 
one must expect differences in the yields originating from individual properties (level 
densities, binding energies) of the nuclides. Such effects cannot be reproduced by the 
simple cross section formula used here. 

The value of an analytical description of the formation cross sections of the 
spallation products is twofold. Obviously, it can be used for estimations of un- 
measured cross sections. More important is perhaps that the formula describes the 
whole cross section distribution in terms of only four parameters which facilitates the 
comparison between different spallation investigations. 


Acknowledgements—The authors are grateful to the staff of the CERN synchrocyclotron for carrying 
out the irradiations. 








J. Inorg. Nucl. Chem., 1961, Vol. 23, pp. 167 to 171. Pergamon Press Ltd. Printed in Northern Ireland 


EXCITATION FUNCTIONS OF (d,«) AND (d, zn) 
REACTIONS ON TUNGSTEN 


A. DEMILDT* 


I.K.O. Oosterringdijk 18 Amsterdam? 
(Received 31 May 1961) 


Abstract—The irradiation of natural tungsten with deuterons, gives rise to three radioactive tantalum 
species due to the following nuclear reactions: 1**W(d, «)'**Ta; '*°W(d, «)'**Ta and '*°W(d, xn)'**Ta 
Calculations of the reaction energies were performed, and the excitation functions of these three 
reactions were determined with deuterons of up to 22 MeV. The cross-sections of the three reactions 
have values between 3 and 0-05 millibarn 


By irradiation of tungsten a whole series of nuclear reactions give rise to carrier-free 
tantalum and rhenium, as well as to active tungsten isotopes. To separate the tantalum 
isotopes from the irradiated tungsten different chemical procedures wereelaborated."'? 
For the tantalum formation only three reaction types can form tantalum isotopes by 
irradiations of tungsten with deuterons of 22 MeV, namely: (d, ~); (d, am) and (d, 2p) 
reactions. Taking into account the fact that natural tungsten contains five stable 
isotopes, fifteen nuclear reactions could be expected, which will give tantalum isotopes. 
As the #°°W isotope has a small abundance, only twelve reactions must be considered. 
These reactions give rise to seven tantalum isotopes, namely: !”°Ta, }8°Ta, '®'Ta, '**Ta, 
'3Ta, 14'Ta and '*®Ta. As only three isotopes were observed one could conclude that 


no (d, 2p) reactions occur. The following reactions were identified: '*W(d, «)'**Ta, 
186W(d, «)'*Ta and '°W(d, an)'Ta. 


1. MASS-ENERGY BALANCES OF THE CONSIDERED 
NUCLEAR REACTIONS 
For the three reactions examined the energies were calculated from the theoretical 
data of MARTIN”). The reaction energies were further computed by means of the 
results of the measured binding energies.“»*) A survey of these data is given in 
Table 1. 


TABLE 1.—COMPUTED REACTION ENERGIES (MeV) 


Energies computed from Energies computed from 
Reactions theoretical masses the binding energies 


184W/(d, «)'®*Ta ; 11-0 
186W/(d, x)'§*Ta 
186W/(d. an)'*°Ta 5: 5:4 


* Research Fellow I.1.K.W. 
+ New address: Inst. of Anal. Chem., J. Plateaustraat, 22, University of Ghent. 
A. Demitpt and J. Hoste, International Atomic Energy Agency. Congress of Copenhagen, 
R.I.C.C./59 (Sept. 1960). 
2) A. DemiLpt and J. Hoste, Bull. Soc. Chim. Belg. 70, 145 (1961). 
(8) Ch. N. MARTIN, Tables de Physique Nucléaire. Gauthier-Villars (1954). 
‘) A. H. WapstrRa, Physica 21, 385 (1955). 
) A. H. WapstRA, Handbuch der Physik. Vol. 1, p. 38. S. Fliigge, Berlin (1958) 
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1ent with the calculated reaction energies one can conclude that the 
ind the (d, x) reactions produce respectively 11 or 12 MeV and 5 MeV. Thus 
> reactions could occur with energetic deuterons high enough to exceed the 
yf the target nuclei. One can also expect that the cross sections of 

tions at lower energies will be considerably higher than the (d, an) 


ITATION FUNCTIONS OF THE OBSERVED 
NUCLEAR REACTIONS 
ir excitation functions (the experimental cross sections as a function of 
y of the projectiles) were determined in the following way. Stacks 
s were irradiated with the internal deuteron beam of the synchro- 


nsterdam. To obtain a collimated mono-energetic beam, the foils were 


y 
0 


Ider with foils; 


1e arrows show the direction of the deuterons 


ted in a special thick window target holder (Fig. 1), designed in the Institute for 
ear Physical Research (1.K.O.) of Amsterdam. 
[he incidence gap of the deuterons was quite narrow (1-5 mm) to insure a homo- 


ous energy. The determination of the incident deuteron energy was computed 


the *‘Al(d, xp)**Na reaction, as this excitation function is accurately estab- 


\ stack of fourteen aluminium foils (thickness: 25-80 mg cm~*) was 
->d and the *4Na activity measured by /-counting. The disintegration rate of 
radiated foils is a measure of the cross-sections when short irradiations (t < 7,/20) 

It was thus possible to set up a relative excitation curve. The maximum 

energy of the deutrons was determined by computing relative excitation functions of 
imum deuteron energy until the experimental curve fitted the standard 


gy losses in each foil were computed from the range-energy curves 


For the actual measurements of the tungsten cross-sections a stack of seven 

iminium foils was alternated with seven tungsten foils (thickness: 57-80 mg cm~*). 
maximum energy and deuteron flux were computed by absolute /-counting of 

E. T. CLARKE, P/y 

H. H. PH. Moeken, Akademisch Proefschrift, I.K.O. Amsterdam (1957). 

RR BATZEL, W. W. T. CRANE and G. D. O’KELLEY: Phys. Rev. 91, 939 (1953). 

P LENK and J. SLOBODRIAN; Phys. Rev. 116, 1229 (1959). 

W. A. ARON, B. C. HOFFMAN and F. C. Witctams, U.S. A.E.C. U-663 (1949). 
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the **Na activities produced in the aluminium foils. The absolute activities were 
measured with a calibrated Geiger-Miiller counter or a 47-proportional methane 
counter. From cross-sections given in the literature, the flux is computed, for short 
irradiation times, from the equation of CLARKE and IRvine.“") 


DAT 


m.6 


6°40 10-9 


integrated flux, in #A.min. 

absolute activity in disintegrations min“. 

half-life in minutes. 

atomic weight. 

thickness of the irradiated foils in mg cm~? for a specific isotope. 
cross-section in mbarns. 

Using the same equation, the cross-sections of the (d, «) and the (d, an) reactions 
were calculated from the absolute tantalum activities in each foil, taking into account 
foil thickness, half-life of the product nucleus and isotopic abundance. Energy losses 
in each tungsten foil were computed from the mean ionization potential /, 
697 eV"*) using the BETHE-LIVINGSTONE equation®), Energy losses of the deuterons 
in aluminium were taken from ARON et al."® 

The results are given in Table 2 and in Fig. 2 and 3. 


TABLE 2.—CROSS-SECTIONS IN MILLIBARNS AS A FUNCTION OF DEUTERON ENERGY 


Deuteron 
energy IS6W/(d, x)'§4Ta 8 te S6W(d, an)*°Ta 

‘O05 : 1-15 

90 ° 0-97 

65 ‘O8 0-67 

30 5 0-52 

10 7 0-35 

70 _ 0-22 

30 0-13 

‘O08 -32 0-075 

0-62 

0-29 

0-16 

0-05 


3 
De 
: 
: 
7. 
l- 


3. DISCUSSION 

The form of the two excitation functions of the (d, «) reactions show a similar 
behaviour, the absolute values of the cross-sections being of the same size. From 
these curves it appears that these reactions are detectable from about 10 MeV, in 
agreement with the calculated Coulomb barrier. 

The cross-sections for the '*°W(d, an)'*Ta reaction are considerably smaller than 
for the (d, ~) reactions, particularly in the lower energy region. This is in agreement 
with the fact that no '*Ta was detectable from W irradiated with 12 MeV deuterons 
in the cyclotron of Louvain. 

) E. T. CLARKE and J. W. Irvine Jr., Phys. Rev. 66, 231 (1944). 


42) C, J, BAKKER and E. SeGrE, Phys. Rev. 81, 489 (1951) 
(3) H,. A. BETHE and M. S. LIvINGSTONE: Rev. Mod. Phys. 9, 245 (1937). 
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4. APPENDIX 


To compute the energy losses of the deuterons in each tungsten or aluminium foil, the numerical 
relationship between the deuteron energy and the energy losses ‘expressed in MeV mg~? cm~? was used 
This relationship was computed for aluminium by ARON et al.'1°), while the relation for tungsten was 
computed by the author‘! using the formulas of BeTHE and LivinGsToNE'"® 

The following t table gives the energy losses in tungsten expressed in MeV mg~! cm~* as a function 
of the energy. ’ 


Energy (dE/dx) yw (MeV mg~! cm-?*) 


0-0522 
0:0425 
0-0360 
0:0318 
0-0279 
0-0253 
0-0229 
0-0214 
0-0196 
0-:0187 
0-0173 


The range-energy relation of tungsten results from a direct interpolation between the curves of 
silver and lead compiled by ARON et al.(1 

This curve is not used as it seems to give somewhat lower accurate results than the calculations with 
the energy losses values 


Acknowledgements—Acknowledgements are due to Prof. Dr. A. H. W. ATEN JR. and his co-workers 
of the I.K.O. Amsterdam, for their hospitality. 

Thanks are also due to Prof. Dr. C. GRosJEAN, who computed the range-energy relations of 
tungsten with the IBM 610. 

This work was performed as part of the research programme of the “Stichting voor Fundamenteel 
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(*) A. DemMILpT. Thesis. University of Ghent (1960). 
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(np) AND (1,2) EXCITATION FUNCTIONS OF SEVERAL 
NUCLEI FROM 7:0 TO 19-8 MeV* 


B. P. BAYHURST and R. J. PRESTWOOD 
Los Alamos Scientific Laboratory, University of California, Los Alamos, New Mexico 


(Received 13 February 1961; in revised form 2 July 1961) 


Abstract—Total cross-sections for the (#,p) reaction on *°Sc, *°As, **Sr, **Y, *°Zr, '°Ag, "Cd and 
197 Au, and the (n,x) on 27Al, #°Sc, *°As, ®*Y, *Zr, °*Zr, *=Nb, "Cd, 48Sn and !*7Au have been measured 
at incident neutron energies from 7-0 to 19-8 MeV. The target elements were exposed to D-T neutrons 
produced in Zr-T targets at the Los Alamos Cockcroft-Walton accelerator and to neutrons produced 
by deuterons on D, and T;, gas targets at the large Van de Graaff accelerator. The products were 
isolated and measured by radiochemical methods. The procedures used for the chemical separations 
are described. Empirical formulae are given for estimating (n,p) and (”,x) cross-sections at maximum 
and at 14 MeV. 


MANY measurements of (n, p) and (n,x) cross-sections and extensive compilations of 
neutron cross-sections have been published." With few exceptions, these values are 


for a single average neutron energy of rather large spread at energies a few MeV above 
threshold. Most values are for a product which can be measured in the presence of the 
other products without chemical separation, and thus there are few cases in which the 


relative (,2n), (n, p), or (n,%) cross-section values can be compared for the same target. 
In a recent publication by the authors,” (”,2n) cross-sections at 12, 13-3 through 
14-9, 16-5, 18 and 19-8 MeV were reported for most of the target nuclei considered in 
this paper. The (n, p) and (n,x) products from those irradiations and from runs at 7-0 
and 8-0 MeV are presented here. The Z range of the target nuclei for these charged 
particle reactions is 13 to 79. 
EXPERIMENTAL 

rhe neutron sources, positioning of the target samples, monitoring, and determination of energy 
spread were discussed in detail previously."* The irradiations at 7-0 and 8-0 MeV were produced by 
deuteron bombardment of deuterium gas targets at the large electrostatic generator at Los Alamos 
and were monitored in the same manner as reported for the other electrostatic generator irradiations. 

The target samples were of circular shape punched out of metal sheet or a polyethylene mixture 
of a compound of the element. The thickness (<1 mil to 25 mil) and diameter (3/8, 1/2 or 1 in.) 
selections were determined by the specific activity expected and by geometry considerations for a 
given irradiation. 

The metal foils were weighed before irradiation; the polyethylene foils were ignited after the 
irradiation for 20 min at 600°C and then weighed. The metal foils, with the exception of Al, and the 
ignited compounds, were each dissolved in the appropriate acid in the presence of standardized 
carrier solutions of the product elements. The *’Al(n,«)*4Na reaction was measured by /-counting 
the irradiated metal foils. Two hours after irradiation there are no interfering radiations. Because 
of the volatility of As metal, the sample, in the form of As metal rolled with polyethylene, was dis- 
solved rather than ignited. 

After the target compound and carriers were in solution and heated to insure complete exchange, 
chemical separations and decontamination were carried out. 


* This work performed under the auspices of the U.S. Atomic Energy Commission. 
1) R. J. HOoweERTON, Tabulated Neutron Cross Sections, UCRL-5226 (Revised) (1959). 
2») D. J. HuGues and R. B. ScHwartz, Neutron Cross-Sections, BNL-325, (2nd Edition) July (1958) and 
Supplement No. 1 of BNL-325, 2nd Edition, January (1960). 
8) R. J. Prestwoop and B. P. BaynHurst, Phys. Rev. 121, 1438 (1961). 
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After each element was in a suitable weighing and mounting form it was weighed, mounted and 
counted. The absolute disintegration rate was determined by the method of BAyHurRsT and 
PRESTWOOD. "4 

With the exception of K(1), Ir(IV) and Pt(IV), the carrier solutions were prepared according to the 

echniques used in this laboratory K(1) standardized carrier was made by weighing pure 

t and diluting up to volume. Pt(IV) was made up by dissolving a weighed piece of Pt 

| regia, evaporating down with concentrated HCl several times and then making it up to 

(IV ) was I nade up by dissolving IrC h in dilute HCl, filtering, precipitating [rO,: rH,O, 

1 HCl, and diluting to approximate 3 N HCl. This solution was sté indardized by taking 
tating IrO,-xH,O, and ignit ing to constant weight at 800°C. 


e separations used for this work. The relative specific activity of each product 


j 


-ration for the decontamination performed, i.e., the lowest specific activity was 
nated. The decay of each radionuclide was followed long enough to confirm 


of the sample 


“ures 


»f KCL) and Ca(1l) from Sc,O;. The ignited and weighed Sc,O, was dissolved in 5 ml 
the presence of K(I) and Ca(II) carriers and evaporated down almost to 
oncentrated HCI was added and the evaporation repeated. About 15 ml of 

1 to dissolve and transfer the sample to a 40 ml centrifuge cone. The sample was 
H,O and concentrated NH,OH added dropwise until an excess was present. 

ind the precipitated Sc(OH), centrifuged down. The supernate, containing 

f the Ca(II), was poured off into a 40 ml centrifuge tube. Saturated Na,CO, 


was added dropwise until just an excess was present, and the CaCO, which precipitated was 
d dov [he supernate containing K(I) was transferred to a 125 ml Erlenmeyer flask and 
} 


d to dryness. The sample was then ignited for 30 min at 600°C and cooled. Ten ml of 
HCIO, was added and heated until it fumed vigorously. After cooling, the flask was 
and 25 ml of absolute ethanol was added. KCIO, precipitated leaving the Na(I) 
KCIO, was washed twice with 30 ml of ethanol which removed HCIO, and any 
; rhe precipitate was then mounted 

The CaCO, previously precipitated was dissolved in a drop or two of HCl, diluted to about 20 ml 
th H,O, two drops of Fe(III) (a solution of FeCl, in dilute HCI containing 10 mg Fe(II1)/ml) was 
added, and the solution made basic with NH,OH. The Fe(OH), was centrifuged down, the supernate 
‘ ito a 40 ml centrifuge cone, heated to boiling, and 5 ml of saturated (NH,).,C.O, was 

added. The Ca(II) precipitated as CaC,O,-H,O and was mounted in that form. 

When the (7,2m) product was measured, the Sc(OH),; precipitate was dissolved in a minimum of 
HC! and reprecipitated twice as described above, then finally dissolved in a minimum of HCl, diluted 
to 20 ml, heated to boiling, and finally 5 ml saturated H,C,O, was added to precipitate Sc,(C,O,);. 
After filtering, the Sc,(C,O,), was ignited at 800°C and mounted as Sc,Os3. 

2. Separation of Ge(1V) and Ga(III) from As. The chemistry for the separation of these elements 
is described in reference (5). The dissolution of arsenic and polyethylene requires some care in 
controlling. The sample was put into a 250 ml Erlenmeyer flask containing Ge([V) and Ga(IID) 
carriers and 10 ml of both concentrated HNO, and HCIO, were added. The sample was boiled over 
a burner until the HNO, was almost gone, and the foil began to break up. (If this point was reached 
too rapidly, the sample burned, so care was taken to prevent it. When the sample just started to break 
up it was removed from the flame and small amounts of concentrated HNO, were added. The 
mixture was heated cautiously and more HNO, was added. The sample then disintegrated and dis- 
solved more slowly.) After the sample was completely dissolved it was evaporated to strong fumes 
of HCIO,. (At this point some Ge(IV) precipitated as the oxide but dissolved with subsequent 
addition of HF as described in the reference above.) 

[he amount of As present in the original sample was determined by analysis of the As—polyethy- 

e mixture after the sheets were rolled. Several determinations showed that the per cent As was very 

P. BAYyHuRST and R. J. Prestwoop, Nucleonics 17, No. 3, 82 (1959). 


chemical Procedures, (Edited by J. KLEINBERG); Los Alamos Report LA-1721, 2nd 
(Available from the Office of Technical Services, U.S. Department of Commerce, 
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constant throughout the sheets, therefore each foil was weighed before irradiation and the total As 
content was calculated from this percentage. 

3. Separation of Rb(1) from SrCO;. The ignited and weighed SrCO, was added to Rb(I) carrier in 
a 125 ml Erlenmeyer flask, dissolved in concentrated HCl, and evaporated to dryness. The sample 
was dissolved in H,O transferred to a 40 ml centrifuge cone, and diluted to about 25 ml. Saturated 
Na,CO, solution was added dropwise until there was slight excess, and the precipitated SrCO, was 
stirred and centrifuged down. The supernate was poured into a 125 ml Erlenmeyer flask, evaporated 
down to 1 or 2ml, and 15 ml of concentrated HCIO, was added. The solution was heated to 
strong fumes of HCIO, and the Rb(I) precipitated as RbCIO, as described for K(I). The SrCO, was 
thoroughly washed and mounted as SrCO, for the measurement of the (”,2n) product. 

4. Separation of Rb(1) and Sr(I1) from Y,O3. After ignition and weighing, the YO, was transferred 
to a 125 ml Erlenmeyer flask which contained Rb(I) and Sr(II) carriers. The sample was dissolved in 
concentrated HCl, evaporated to dryness, transferred to a 40 ml centrifuge cone with H,O, and 
diluted to about 25 ml. Saturated Na,CO, solution was added dropwise until all the Sr(II) and Y(II1) 
had precipitated. (The completeness of precipitation was tested by the addition of a drop or two of 
NaCO, solution to the supernate after centrifugation.) The supernate was poured into a 125 ml 
Erlenmeyer flask, 15 ml of concentrated HCIO, added, and evaporated to strong fumes of HCIO, 
The Rb(1) was precipitated as RbCIO, as described for K(1) above. 

The Sr and Y carbonates were dissolved in a minimum of HCl, diluted to 25 ml and concentrated 
NH,OH was added dropwise until there were a few drops in excess. The Y(OH), precipitate was 
centrifuged down and the supernatant solution containing the Sr(II) was poured into a 40 ml centri- 
fuge tube. SrCO, was precipitated by the addition of 5 ml of saturated Na,CO;. The SrCO, was 
mounted for counting 

The Y(OH),; was washed, dissolved in a minimum of HCl, and reprecipitated twice with NH,OH. 
After the last precipitation the Y(OH), was dissolved in 6 to 8 drops of 6 N HCl, diluted to 20 ml and 
put into a steam bath. After reaching steam temperature, 5 ml of saturated H,C,O, was added and 
the sample left in the bath for 10-15 min. The precipitate was then filtered, washed, ignited at 800°C 
for 20 min, and mounted as Y.Os;. 

5. Separation of Sr(1l) and Y(IID) from Zr. The irradiated Zr metal foil was put into a Lusteroid 
cone containing Sr(II) and Y(III) carriers. Five ml of 3 M HCl was added and concentrated HI 
added dropwise until all the Zr dissolved. The solution was diluted to 25 ml with H,O, 2 ml concen- 
trated HF added, and the sample was put in a steam bath for 10 min. The gelatinous precipitate 
formed is a mixture of YF, and SrZrF,. The excess Zr(IV) is in the supernate. The sample was 
centrifuged and the supernate poured into a Lusteroid cone. The precipitate was washed with dilute 
HCI-HF solution and dissolved in 5 ml of saturated H,BO, with about 10 drops of 6 M HCI present. 
After the precipitate was completely dissolved it was transferred to a 40 ml glass centrifuge tube with 
H.O and 2 drops of methyl red indicator were added. The volume was made up to 20 ml and concen- 
trated NH,OH added dropwise until the methyl red endpoint was reached. (At this point a precipitate 
formed but did not interfere with the next step.) The sample was heated in a steam bath and 8 ml of 
saturated oxalic acid was added. A mixture of Y and Sr oxalates precipitated leaving Zr(IV) in the 
supernatant solution. The precipitate was washed with dilute H,C,O, and dissolved by heating in 
1 ml of concentrated HNO, and 100 mg of solid KCIO;. After the sample was boiled a minute or 
two it was diluted to 20 ml with H,O and concentrated NH,OH added dropwise to excess. The 
Y(III) precipitated along with any Zr(IV) which may have carried through. The sample was centri- 
fuged, the supernate poured into a 40 ml centrifuge cone, and SrCO, was precipitated by the addition 
of 5 ml of saturated NaCO,. The SrCO, was mounted. 

The Y(OH), precipitate was washed, dissolved in 1 ml 6 N HCl, transferred to a Lusteroid cone, 
and YF; precipitated by the addition of concentrated HF. The YF; was washed, dissolved as before, 
and Y(OH), again precipitated. The Y(OH), was dissolved, precipitated as oxalate, and ignited as 
described for Y previously. 

The Zr(IV) left in the original supernate was precipitated as Zr(OH), with NH,OH, washed, 
dissolved in 6 N HCl, diluted until 2 M in HCl, heated and precipitated with 16 per cent mandelic 
acid. The precipitate was filtered, washed and ignited at 800°C for 20 min. The ZrO, was mounted. 

6. Separation of Y(II1) from Nb,O;. The ignited and weighed Nb,O; was transferred to a 125 ml 
Erlenmeyer flask containing Y(III) carrier and 20 ml of concentrated H,SO, and was kept at fuming 


temperature on a hot plate for several hours until completely dissolved. The H,SO, was fumed away 
until only 2 or 3 ml remained. The mixture was cooled and transferred to a Lusteroid centrifuge tube 
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(A precipitate formed but dissolved in the next step.) The volume was made up to 20 ml 
nl of concentrated HF was added, precipitating YF; and complexing the Nb(V). The YF; 
ashed, dissolved in H;BO,;—HCI solution, and the Y(III) precipitated as Y(OH), with NH,OH. 
OH), was treated as previously described for Y. 

he Nb fr ’n was precipitated with excess NH,OH, washed with 3 M NH,Cl, and dissolved in 
mmonium tartrate. The solution was then cooled in an ice-bath and 5 ml of 

Then 6 M HCI was added dropwise until the solution was 2 drops 

The precipitate was filtered, washed, and ignited at 800°C for 20 min. 


ited 
11) fror r. The irradiated Ag metal was added to a 125 ml Erlenmeyer flask 


f Pd( 
Pd(NO rier and was dissolved in concentrated HNO ;. The solution was made up 


C 


d4M in HNO, and put into a steam-bat HCI was added until all the Ag had precipitated 


1 


ind the supernate containing the Pd was evaporated down 
0-1 M HCl, and Pd(I1) precipitated with | per cent dimethyl] 

1 was mounted in this forn 
rated NH,OH, diluted, and Ag,S precipitated by bubbling 
as washed, dissolved by boiling in 3 ml of concentrated HNOg, 
) remove any S formed. AglO; was precipitated by the addition 
yn Cd The irradiated Cd metal was dissolved in concentrated 
ind AgNO, carriers. The solution was evaporated down to about 
HCl was added until all the Ag(I) had precipitated as AgCl. The 


LI ALC 


p to 20 ml and 4 M HCI, heated, and PdS precipitated by bubbling 


filtered to remove “‘floaters’’, and then evaporated down to 


ade 
After the PdS was centrifuged down, the supernate was evaporated down 
20 ml, and CdS was precipitated from the solution which was 


1, dissolved in agua regia, and precipitated with dimethyl 


washed, 


1 as previously described in the Pd-Ag separation. 


1 treated ¢ | § 

hed, dissolved in a few drops of HCl, evaporated down to dryness, and taken 
After filtering, 1 ml 3 M NH,Cl was added. The sample was then heated to 
of 1-5 M (NH,).HPO, was added to precipitate Cd(NH,)PO,-H,O. The sample 


ind stirred occassionally while cooling until silvery platelets were formed. This 


mounted for counting 
f In(IIl) and Cd(Il) from Sn. The irradiated Sn metal was put into a 250 ml 
taining In(II1) and Cd(Il) carriers and dissolved in 10 ml of concentrated HCl 


er flask con 
HNO, added. After the Sn had dissolved the solution was evaporated down to 1-2 ml, 
was added and the evaporation was repeated twice. The sample was diluted to 20 ml 
ated until all the salts dissolved. 50 ml of H.O was added and while the solution was 
f 10 M NaOH was added and then boiled for about 2 min. Cd and In hydroxides 
ng a small amount of Sn(IlV). The sample was centrifuged in a 40 ml cone with 2 
e supernate discarded. (The '*Sn(,2n)'"Sn excitation function was obtained from 
g from the decay of short-lived '’Sn.) The precipitate was washed by stirring vigorously 
ite NaOH, centrifuged and the wash discarded. The sample was dissolved in a minimum 
, and 5 ml of 10 M NaOH added to reprecipitate the In and Cd hydroxides. 
re, dissolved in a minimum of HCl, diluted to 20 ml, and NH,OH 
ig In(OH), and leaving the Cd in solution. The In(OH), was centrifuged, 
ade up to 20 ml and 0-5 M HCI and H.S bubbled into the solution to 
arried down. The small amount of tin sulphide was centrifuged down. 
down to a few ml, diluted to about 20 ml, buffered with sodium 
and the In precipitated as indium 8-hydroxyquinolate with a 5 per cent 
2 i. The sample was mounted in this form. 


N ti] Cl 
VN aCeCuic acid 


L il & 
taining the Cd was evaporated down and treated as described previously for Cd 
f Ir(1V) and Pt(1V) from Au. The irradiated Au metal was added to a 125 ml 
taining Ir(1V) and Pt(IV) carriers and was dissolved in agua regia. The sample 
down to dryness three times from 5 ml of HCI, made up to 25 ml and 0-5 M 


m bath and SO, gas bubbled into the solution. The Au precipitated quantitatively, 
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TABLE 2 COMPARATIVE LITERATURE VALUES AND PRESENT DATA 





Present data Literature values Reference 


1-6* 
{* 


Q* 


NONN— = 


Loc 
t 
? 


ation function curve when measurements were made at different E,; 


se for actual measurements in the same energy region 
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leaving the Ir and Pt in solution. The supernate was evaporated to 1-2 ml, and then evaporated 
several times to dryness from 5 ml HCl. The sample was made up to about 30 ml and 3 M HCl and 
transferred to a 125 ml separatory funnel. Five ml of 47 per cent HI was added and the separatory 
funnel shaken. Thirty ml of ethyl acetate was added and the mixture shaken for 1-2 min. The 
Ir(III) in the water later was transferred to a clean separatory funnel and four more extractions were 
carried out with ethyl acetate and HI, the ethyl acetate layer being discarded each time. For the first 
two extractions 2 ml of Pt holdback carrier were added. The water layer was transferred to a 125 ml 
Erlenmeyer and evaporated to a small vloume. HNO, was added slowly until the iodine was gone 
The solution was then evaporated to dryness three times from 5 ml of HCl. The Ir salt was taken up 
in 20 ml H,O, heated with 5 ml of 10°, NaBrOs, and taken just to a bromcresol purple end point and 
not past a cresol red endpoint by adding 1 per cent NaHCO, dropwise. IrO,-xH,O precipitated and 
was heated until it coagulated. The precipitate was filtered, washed, and ignited at 800°C to constant 
weight and mounted. 

rhe original ethyl acetate layer containing the Pt(II) was washed three times with 30 ml 3 M HC! 


and transferred to a 125 ml Erlenmeyer flask. After adding 5 ml HCI the ethyl acetate was evaporated 


off and HNO, added dropwise until no more I, fumes could be detected. The sample was then taken 
to dryness several times with aqua regia and finally put into solution with 3 or 4 ml H,O. 30 ml 3M 
NH,Cl was added and the solution was heated to boiling, then allowed to cool with shaking until the 
(NH,)2PtCl, precipitation was complete. This compound was mounted for counting 


DISCUSSION OF RESULTS 


lable 1 summarizes the experimental cross sections and energy data. Errors in 
cross-sections are given in terms of estimated standard deviations. Contributing fac- 
tors considered in the estimation include relative errors, which increase the spread of 
results on runs at the same energy, and possible absolute errors. Relative errors are 
due chiefly to instrumental « or fission counting variations during a run, chemical or 
weighing errors, calculation of counting efficiencies for thick or uneven samples, and 
statistical counting errors (low count rates). Absolute errors occur principally in the 
calibration of the « counter or the fission counter beam monitoring systems, in re- 
ported half-life measurements for radioactive products, in decay schemes (which 
would affect counting efficiency), and in the reported **U (n,fission) cross-section. 

(n, pn) and (n,np) reactions on nuclei having one more neutron than the intended 
target nucleus could have raised the apparent (”,p) cross-sections of *’Sr(n,p)°’Rb, 
°7r(n,p)?°Y, and '"'Cd(n,p)'"Ag. (n,an) and (n,nx) reactions could also have con- 
tributed to the measured (n,«) cross-sections of '!*Cd(n,x)!8°Pd and '8Sn(n,x)!°Cd. 


Comparative literature values and present data are listed in Table 2. 


J. A. GRUNDL, R. L. HENKEL, B. L. Perxins, Phys. Re 109, 425 (1958) 
H. A. Tewes, A. A. Caretro, A. E. MILLer and D. R. NetHaway, Ea 
Induced Reactions, UCRL-6028-T, 1960 
B. D. Kern, W. E. THompson, J. M. FerGuson,. Nucl. Phys. 10, 226 (1959) 
S. J. Forses, Phys. Rev. 88, 1309 (1958) 
S. Yasumt, J. Phys. Soc. Japan 12, 443 (1957) 
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No attempt was made by the authors to estimate cross-sections by means of cal- 
ations associated with current nuclear models (e.g., the “‘statistical model”). In- 
‘mpirical relationships were devised which might help predict maximum (n, p) 
x) cross-sections and values in the 14 MeV range. For these empirical relation- 
ratios of (n,p) and (n,x) cross-sections to the total inelastic scattering 
section for neutrons (¢,,) were correlated with the parameter (A Z)/A* which 
ind useful in the interpretation of (”,2n) data by BARR. For the calculation 

> relationship 
(14 MeV) (0-12 A 0-21)? ‘>! (1) 
\ difference in the magnitudes of cross-sections of even proton and odd proton 
for the same (A Z)/A was observed in both (n,p) and (n,x) reactions. A 
the ratio of (o-e) to (e-e)* was found to provide a satisfactory fit 
of the available data. This value also held for the ratio of (o0—e) to (e—o) 
) cross-sections at 14 MeV. No maximum (n, p) or (n,x) cross-section data was 
ible for (e-o) nuclei. A difference in the magnitude of cross-sections for differ- 
ent types of nuclei could result from level density differences, pairing effects, and/or 
petition from other reactions. At 14 MeV the difference could also reflect varia- 


E 


flat, or descending, depending on Coulomb barriers and Q values. 


; yt since at 14 MeV the excitation functions can be 


the maximum (n, Pp) cross-section value the equation 
(0-28. fk 0-47 (2) 


iined (Fig. 1) for the twelve excitations functions available (including litera- 


es from excitation functions exhibiting maxima). More data is needed to 


validity of both equation (2) and the factor of 0-6 for the ratio of (o-e) 

e) nuclei. The only two (e-o) excitation functions available were ''Cd(n,p) 

Ag and *Ti(n.p)*Sc.*) Neither had reached maximum at the neutron energies used, 

ind the highest values measured are about a factor of four above the maximum for 

ei as predicted by equation (2). These values were measured at approxi- 
naximized at 4-7 MeV above (Q,,, E, = | 


n.p) cross-sections near 14 MeV, the relationship 


11 MeV above (Q E mp); the cross-sections for (e-e) and (o0-e) 


0-50. A 0-83 (3) 


ned (Fig. 2) which provides a satisfactory fit to most of the available data 


ery low (A Z)/A range. Another empirical relationship for (n,p) 


iber, a ratio which reflects relative neutron excess 
r to (protons-n trons), ¢ even, 0 odd. 
y FRIEDLANDER and KENNEDY The Q values for the 
1 CATRON 
GILMoRE, Phys. Rev. 123, 859 (1961) 
Nu Energy 4, 529 (1957) 
Nuclear and Radiochemistry, pp 58-59. J. Wiley, New York (1955) 
rt UCRL-5419 (1959) 


is boratory (1957) 
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LITERATURE VALUES (ODD-EVEN) TARGET NUCLEI! 
PRESENT DATA 


TERATURE VALUES) Cen EVEN) TARGET NUCLEI, 
onesent same CUES} CROSS SECTIONS MULTIPLIED 
E ? BY 0.6 FOR PLOTTING 


¢ 
FOR(0-¢); 


FOR (e-e); 


“0.02 004 G06 008 014 O16 O18 020 O22 O24 
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LITERATURE VALUES | (on5.evEN) TARGET NUCLEI 
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_ (EVEN-EVEN) TARGET NUCLEI; 
LITERATUR 
the Data. {GROSS SECTIONS MULTIPLIED 
: BY 0.6 FOR PLOTTING 


(EVEN-ODD) TARGET NUCLEI 

TERATUR ; 
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“BY 06 FOR PLOTTING 


(14 MEV) 
[in 


np 


Cc 


on,» (i4 MEV) 
FOR(0-@);— ~ *0.50e 
IN 


7, , (14 MEV) 
FOR (@-e) ANO(e-o) ; ————_- 


0.16 018 


Fic. 2*.—Semi-log plot of o 14 MEV)/Gin as a function of (A 


* Values connected by a bar are different authors’ data for the same nuclide. 
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cross-sections for the range Z 19 to Z = 30 has recently been published,” and 
to fit available data as well as the above relationship for the Z range specified. 
cross-sections (including literature values) were plotted as a function of 

i ) (Fig. 3). The shapes of all the functions for both (0-e) 

rget nuclei appear similar. The ''Cd (e—-o) excitation function appears 

id was not plotted on Fig. 3. An (o-e) or (e-e) excitation function 


ana } 


\ 
j 


” 
z 
© 
< 
o 
ol 
= 


(np) E coul! MEV) 


1 of (E, + QO Evou 
by determining the 14 MeV value from Fig. 2 and using Fig. 3 as a 
ct was evident in the excitation function shape or 14 MeV cross- 
n,p)*Co, but if the excitation function is extrapolated by 
hape to the other excitation functions of Fig. 3, the maximum 
gher by about a factor of two than that predicted by equation (2). 


ions at their maxima the relationship 
0-92 (4) 


lata through "Cd (Fig. 4). The '**Au(n,~) maximum is much higher than this 
predicts, but since this is the only high Z data available at this time any de- 
of the equation in this range cannot be substantiated. 


B } P 
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Fic. 5.*—Semi-log plot of 6,,,x(14 Mev)/@in as a function of (N Z)/A. 


* Values connected by a bar are different authors’ data for the same nuclide. 
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lhe (”.x) cross-sections (including literature values) near 14 MeV (Fig. 5) approxi- 


mately follow the empirical relation 


0-50, A 0-83 (5) 


] 


ted that the slope of this function is almost identical to that for (n,«) 


ies, and the magnitude is only ~10 per cent less. This can be explained 
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t that many (n,~) cross-sections are near maximum at 14 MeV, particularly 
ddle Z range. Lower oa, , to o;, ratios (than predicted by equation 5) were 
nuclides for which the incident neutron energy (14 MeV) was less than 

s0ve (O E 

vz) cross-sections for rare earth elements measured at 14-8 0-8 MeV. '* 


, ). High o, , to o;,,, ratios were observed for a group 


W. Fink, P/ Re 118, 242 (1960). 





(n,p) and (n,x) excitation functions of several nuclei from 7:0 to 19°8 MeV 185 


Fig. 6 shows semi-log plots of smooth curves drawn through the experimental (n,~) 


data. The dashed portions are estimates in the region where no measurements were 
‘equivalent’ energy (£, + Q, 


‘ 


made. When these functions were plotted at an 
Ee uiomp) the shapes of the functions were similar up to neutron energies of about 
3 MeV above (Q,,, , Eeouiomp)> but thereafter varied considerably. 
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THE THERMAL NEUTRON FISSION CROSS-SECTION 
OF 10-1 HR *44Am* 


S. E. VANDENBOSCH and J. GRAY, JR. 


Argonne National Laboratory, Argonne, Illinois 
(Received 19 July 1961) 


Abstract—The thermal neutron fission cross-section of the 10-1 hr isomer of 7*4Am has been determined 
by counting fissions induced by neutrons in the thermal column of the Argonne reactor CP-5. A 
decrease in fissionability with the characteristic 10-1 hr half-life was observed. The fission cross- 
section of 2300 300 barns was obtained by comparing the fission counting rate of ***Am with that of 


a *33U standard. 


EXPERIMENTS with a rather limited number of odd-odd heavy element nuclides have 
shown that in all cases these nuclides have thermal neutron fission cross-sections which 
are greater than 600 barns." Recently, a new odd-odd isomer of *4Am was produced 
by neutron irradiations of very pure Am. Least squares analysis of the /-decay of 
this isomer gave a half-life value of 10-1 hr. Slow neutron fission systematics‘? 
indicate that *4Am, like other odd-odd heavy element isotopes, will have a large 


fission cross-section. 

The 10-1 hr isomer of “Am is suitable for fission cross-section measurements 
because it is possible to make measurable amounts of this isomer with respect to the 
other fissionable nuclides in the americium sample, and the half-life is sufficiently short 
to detect a decrease in fissionability with the characteristic half-life. 


EXPERIMENTAI 


A thirty microgram sample of americium, shown by mass spectrometric analysis to have an *4!Am 
243Am ratio of 0-000247 0-000033, was irradiated for 15 hr at a flux of 7 10'* neutrons cm-* 
sec-'. in the Argonne reactor CP-5 

After irradiation the americium was dissolved in a solution of 12 M HCI plus a trace of HNO. 
The americium was separated from neptunium and plutonium by passing the solution through an 
anion exchange resin column. A twenty-six microgram aliquot of the sample was mounted on a 5 mil 
platinum plate and was placed back to back with a similarly mounted ***U monitor sample in a 
double ionization chamber.'*’ The fission measurements were made in the thermal column of CP-5 
at a flux of 3 10"! neutrons cm~* sec™*. A smaller aliquot was gamma counted to determine the 
number of atoms of *4*Am. The intensity of the 746 keV photon which represents 70 per cent of the 
10-1 hr *“*Am disintegrations'*) was measured with a 3 in. thick 3 in. diameter thallium activated 
sodium iodide crystal. The efficiency of this size crystal has been determined for various energies 
The geometry of the counting arrangement used was determined by counting the 60 keV photon of an 
*41Am intensity standard. The intensity value of 0-359 60 keV photons pet z-disintegration and escape 


peak correction of 11 per cent was used.‘”) The relative size of the aliquots was measured by counting 


* Based on work performed under the auspices of the U.S. Atomic Energy Commision 

D. J. HuGHes and R. B. SCHWARTZ, Report BNL—325, July (1958) 

>. E. VANDENBOSCH, P. Day and D. J. HENDERSON, Bull. Am. Phys. Soc. 6, 239 (1961) 

. VANDENBOSCH and G. T. SEABORG, Phys. Rev. 110, 507 (1958). 

J. ROTHMAN, J. Gray, Jr., J. P. HUGHes and A. L. HARKNess, J. Nuc/. Materials 3, 72 (1961). 


. H. Lazar, R. C. Davis and P. R. BeLt, Nucleonics 14, 52 (1956) 
B. MAGNusSON, Phys. Rev. 107, 161 (1957) 
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The «-activity of the gamma analysis sample was measured in a 51-6 per cent 
ter. The large amount of «-activity in the fission sample made it necessary to 
a low geometry «-counter at a geometry of 0-20 per cent.'*’ The number of atoms 
1 was calculated to be 1-39 10'* from the «-activity using a half-life value of 

The determination of the x-activity in this standard has been described pre- 


RESULTS 


nability of the americium sample is plotted as a function of time in Fig. 1. 
otted have all been normalized to the fissionability of the **U monitor. It 


th 
Lit 


lard 


ived 2442Am 
ived Ami 
i} 


A} 


1{)- 


yunting-rate was calculated to be 2:2 


to correct for the fact that the americium sample was located slightly 





sample as a function of time. The insert shows the 
was obtained after subtraction off the constant 


Dackground 


core of the pile and received a neutron flux 1-016 times as great as the 


After subtracting off the constant background due to the Am and long- 


issions and to the fission background of the chamber a 10-1 hr component 


lly to **Am was obtained. It was impossible to resolve the small amount 


n which contributed to the fission counting rate. The ratio of 16 hr Am 
| hr **Am atoms was estimated to be 0-022 to 1 from the relative intensity 

From this information the contribution of 16 hr *4*Am to the 
‘2 per cent using 2500 barns" for its fission 


The thermal neutron fission cross-section of 10-1 hr *44Am was 
9 (1954) 


omnayva Energiva 6, 73 (1959). 
RAY, Jr., J. Inorg. Nucl. Chem. 15, 1 (1960). 





The thermal neutron fission cross-section of 10-1 HR 224Am 


calculated using the formula 


where o fission cross-section 
ij fission counting-rate 
\ number of atoms 


'4Am FISSION CROSS-SECTION 


TABLE | DATA USED TO CALCULATE 


Fissions(cpm) 


N . N yer of ato 
uclide umber of atoms (count/min) 


3 10 1-17 10° 
10 9-47 10 


4Am 


The value 527 barns‘ was used for the 2200 m/sec neutron fission cross-section of 73 
Table 1. From these values a thermal 


The data used in the calculation are listed in 
neutron fission cross-section of 2300 300 barns was obtained. The error is 


estimated taking into account counting errors (statistics, efficiency, geometry, back- 


ground), half-lives (**Am, **U) and the fission cross-section of the *°U standard. 


The authors wish to thank W. T. CARNALL for providing the ***Am and A. L. 


43 Am. 
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CHEMICAL VALENCE STUDIES IN NUCLEAR DECAY 
THE TIN-ANTIMONY SYSTEM 


T. ANDERSEN 


The Institute of Chemistry 


A. B. KNUTSEN 


The Institute of Physics 
University of Aarhus, Denmark 


(Received 11 July 1961) 


Abstract—The distribution of antimony between the trivalent and the pentavalent states was investi- 
gated in antimony (V-IV-III) compounds after thermal neutron irradiation or after /-decay in tin(IV) 
compounds. Antimony(III) compounds have 99 per cent retention, antimony(V) compounds 70-81 
per cent. About 77 per cent antimony(V) is formed in potassium and ammonium hexachlorostannate 
after /-decay. The increase in retention after annealing of antimony(V) compounds shows plateaus, 


which are temperature dependent for potassium antimonate, but temperature independent for 
potassium hexachloroantimonate. 


RECENTLY the chemical effects following thermal neutron capture in solid inorganic 
compounds have been studied extensively. Many of these investigations were carried 
out on salts with oxygen containing anions, such as phosphate ions,” arsenate ions‘? 
and bromate ions) or with anions containing halogen, such as hexachloroiridate ions 
and hexachlororhenite ions.“ In these compounds the fractional yields of the differ- 
ent valence states were determined. 

Some attention has also been paid to the chemical state of the daughter nuclide 
formed in a /-decay process in solid inorganic compounds. BARO and ATEN‘®) studied 
the growth of trivalent and pentavalent arsenic in thermal neutron irradiated ger- 
manium dioxide. By chemical methods they determined the fractional valence yields as 

As(IT}) As(V) 
71% 29% 
at room temperature. 
HALPERN? used selenious acid labelled with the isotope 9-7 day “Se, decaying by 


K-capture to 26 hr “*As, determined the fractional valence yields to be: 


As(IIT) As(V) 
44% 56° 


oO 


at room tem perature. 
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(1960). T. R. Sato, P. A. Se_cers and H. H. Strain: J. Jnorg. Nucl. Chem. 11, 84, (1959). R. F. C. 
CLaripGE and A. G. Mappock: Nature, Lond. 184, 1932 (1959); Prague Symposium IAEA CENT/9 
(1960) 

H. KAVAHARA and G. Harport te, J. Jnorg. Nucl. Chem. 9, 240 (1959). 

3) I. G. CAMPBELL, J. Chem. Phys. 56, 480, 665 (1959); J. Inorg. Nucl. Chem. 15, 46 (1960). G. HARBOTTLE, 
J. Amer. Chem. Soc. 82, 805 (1960). A. G. Mappock and H. MULLER, Trans. Faraday Soc. 56, 509 (1960), 

1) K. Herne and W. Herr, Prague Symposium IAEA CENT/39 (1960). D. J. Apers and A. G. MADpocK 
Trans. Faraday Soc. 56, 498 (1960). 
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MApDDOCK and DE MAINE"? investigated the chemical effects of thermal neutron irrad- 
jation on trivalent antimony compounds and showed that active pentavalent antimony 
small amounts only. The activated antimony atoms remain predomi- 
trivalent state (99-6 per cent). Earlier the Szilard-Chalmers reaction in 


compounds" was applied to obtain isotopes with high specific activity. 


present work the distribution of antimony between the tri- and pentavalent 


‘termined in compounds with antimony in the valence states (V-IV-IIT) 
neutron irradiation and also when formed by /-decay in tin(IV) com- 
both cases the bond dissociation energies are far exceeded by the recoil 


he nuclides undergoing transmutation. 


lide used in the /-decay studies was 9-7 day tin-125, produced by thermal 
adiation of enriched tin-124. In the capture studies were used 2°8 day 
60 day Sb-124. These nuclides are formed by neutron capture in com- 
natural antimony with the cross-sections of 7 barns and 3-4 barns. They 
>and decay to Te-122 and Te-124 with energies of 1-98 MeV and 2-91 MeV. 
capture the nuclides are formed in highly excited states, approximately 


ground states.‘*’ The de-excitation takes place through y-emission 
ies of the nuclides may be as high as 200 eV. The decay of tin-125 


The Q, is 2-4 MeV and may involve a maximum recoil energy of 


EXPERIMENTAI 


ywnpounds 


Sb.O, and KSb(OH), were C.P. (Merck and Riedel de Haen) and were 
er purification. KSbCI,°-H,O and NH,SbCI, were prepared according to WEINLAND 
1 (NH,).SbBr, according to EPHRAIM and WEINBERG. KSbF, was supplied from 


K Sb H.O, NH,Sb¢ ind (NH 


:)SbBr, were purified by recrystallization. The purity of the 


n. 34, 441 (1956) 
Acta Chem. Scand. 2,290 (1948); R. WILLIAMs, 


1. J. Phys. 31, 1042 (1953). 
Chem. 44, 37 (1905) 
Chem. Ber. 42, 4450 (1905). 
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compounds was checked by halogen analysis with AgNO. Antimony(V) was determined by an iodo- 
metric method, and antimony(II]) by bromate titration. The results of the analysis were in good 
agreement with the calculated constitution. ' 

b. Tin compounds. From an amount of radioactive tin-125, K,SnCl, and (NH,).SnCl, were 
prepared according to a method of BRAUER. 

Enriched metallic tin-124 was supplied from Oak Ridge National Laboratory, U.S.A. with the 
following composition: tin-124: 84%, tin-122: 5%, tin-120: 4:3%, tin-116: 1-4°%, tin-112: 0-6 
other isotopes: 4:7° Samples of this enriched tin were irradiated in the reactor DR 2 (Danish 
Atomic Energy Commission) at a neutron flux of 5 10'* neutrons cm-*sec ! for 120 hr. Two 
isomers are formed by neutron irradiation of tin-124, 9-4 min !*°Sn and 9-7 day Sn with capture 
cross-sections of 0-2 barns and 0-004 barns. The 9-4 min '*°Sn was allowed to decay and the metallic 
tin was dissolved in 6 N hydrochloric acid. The dissolution was catalysed with a platinum thread 

Two milligrams SbCl, carrier was added and the majority of the Sb-activity formed by the decay of 
the 9-4 min '*°Sn was removed by reduction with metallic tin. The tin was then reduced to metal with 
zinc, and tin again dissolved in 6N hydrochloric acid followed by a separation of the last trace of 
antimony by centrifugation. The purity of this solution was checked by y-spectroscopy with a 3 in 
Nal-crystal and a 256 channel pulse-height analyser. Only y-lines belonging to the decay of tin-125 
were detected The acid solution of tin was oxidized with chlorine and the Sb-125 formed by decay of 
the tin during the analytical procedure was removed by extraction with di-isopropylether. After 
addition of small amounts of natural tetravalent tin as carrier the tin(1V) solution was ready for the 
preparation. The compounds K,SnCl, and (NH,).SnCl, crystallized in beautiful octahedrons and 


were dried in vacuum over silica gel 


Irradiation and annealing 


The samples for the capture studies, enclosed in small polyethylene bags in the presence of air, 


were irradiated in DR 2 witha thermal neutron flux of 1-6 10'* neutrons cm~* sec ! for 3 min. 
During the irradiation the temperature was 30 10°C. The direct y-flux at a neutron flux of 8 
10'* neutrons cm * sec? was 10'r hr ', while the -flux from the surroundings was 4 10°r hr 

Small portions of the different compounds were subjected to annealing for various periods of time 
by placing them in a temperature controlled oven at 55, 78 and 100 °¢ During the annealing the 
temperature was constant within 1 

he irradiated tin samples were stored in a desiccator with silica gel for about two months before 
separation was performed of daughter antimony into the different valence states 
Chemical procedure 

a. Neutron irradiated antimony compounds. The compounds were dissolved in 7 N hydrochloric 
acid, trivalent and pentavalent antimony carriers added and the two fractions separated by an 
extraction with di-isopropylether. Under these conditions this solvent extracts 100 per cent of the 
pentavalent and only 2:3 per cent of the trivalent antimony The exchange between the two 
valence fractions in hydrochloric acid solutions was investigated by CHEEK ef al.‘ 

As the half life, 7, of the exchange reaction is about 6-8 hr in 7 N HCI at 25°C the exchange 
between the two fractions will cause no measurable error. The total time for the separations was less 


than 2 min. 


The di-isopropylether phase was evaporated to dryness. The residue was dissolved in hydro- 


chloric acid, reextracted, evaporated and redissolved. 
The antimony was reduced to metal with a freshly prepared CrCl,-solution."' rhe precipitate of 


the metallic antimony was filtered on a tared filter paper, weighed and mounted for counting. 


Irradiated tin compounds 
The tin compounds were dissolved in 7 N hydrochloric acid and tri- and pentavalent antimony 
carriers were added. The pentavalent antimony was extracted with di-isopropylether, the aqueous 


G. Brauer, Handbuch der Prdparativen Anorganischen Chemie vol. 1, p. 649. Ferdinand Enke Verlag, 
Stuttgart (1960). 
F. Epwarp and A. F. Voict, Analyt. Chem. 21, 1204 (1949). 

4) C. H. Cueek, N. A. BONNER and A. C. WAHL, J. Amer. Chem. Soc. 83, 80 (1961). N. A. BONNER, /bid. 
71, 3909 (1949) 
W. F. Bo_pripGe and D. N. Hume, Paper 272, NNES Div. IV, 9, (1951). 
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th di-isopropylether. Coextracted tin and tellurium 
acetate extraction method according to WHITE and 


nony from other activities the last extraction was 
i 


ss and dissolution of the residue in 7 N 


tared fhiter | 


window G-M 


t Ol diiferent specilic activity 


100 ¢ 


RESULTS 


gives the distribution of the yields of tri- and pentavalent antimony in the 
antimony compounds. In the irradiated trivalent compounds, antimony 
id potassium tetra fluoroantimonate small amounts around 1 per cent of 

antimony are formed. The results are in accordance with those of 


} 


ind DE MAINE." As in their work, no isotope effect was observed. The 


n the pentavalent compounds is not as high as in the trivalent compounds, 
‘cent for KSb(OH),, 81 per cent for KSbCI,-H,O and 79 per cent for 


351 (1953). 
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GREEN et al. observed" a correlation between the retention and the standard poten- 
tial shown in Fig. 2., reproduced from HARBOTTLE and SuTIN."*) Fig. 2 indicates that 
the higher the standard potential the lower the retention. 

BROWN and Swirt"” reported the value —0-75 V for the hexachloro antimonate 
tetrachloro antimonate couple. In Fig. 2 the average retention of the two antimonates 
has been inserted showing a good conformity with other retention values 

Table 1 gives no evidence for the frequently reported lowering in retention of an 


ammonium salt relative to a potassium salt. This lowering is usually linked with the 





2 
° 


Retention 








Standard stentio 
>fanceard pore 3 


tween retention and the standard potential 


reductive properties of the ammonium ion.® WiLLIAMs®) applied the Szilard- 
Chalmers reaction to different antimony compounds and reported a retention value of 
about 66 per cent in NH,SbF,. He used a sulphide precipitation which leaves the 


strongly complexed SbF,” behind in solution. This procedure however involves that 


other pentavalent antimony compounds formed during the irradiation might be pre- 


cipitated. Therefore WILLIAMS experiment gives a minimum value of the valence 
yield. 

X-ray investigations and magnetic measurements have shown, it is reasonable 
to ascribe the formally tetravalent antimony compound (NH,),SbBr, the formula 
(NH,),Sb''Sb* Br,.°) During the neutron irradiation the compound decomposes 
partly leaving a dark green substance with the approximate constitution (NH,).SbBr;. s. 

[his substance may be regarded as a mixture of two compounds, 80 per cent 
trivalent and 20 per cent pentavalent. The valence distribution shows 84 per cent in 
the trivalent state and 16 per cent in the pentavalent state. 

[he distribution of the fractional valence yield of antimony from /-active tetra- 
valent tin compounds is presented in Table 2. The yields of the two compounds 
potassium and ammonium hexachlorostannate are almost identical. 

17) J. H. Green, G. HARBOTTLE and A. G. Mappock, Trans. Faraday Soc. 49, 1413 (1953). 
18) G. HARBOTTLE and N. Sutin, The Szilard-Chalmers Reaction in Solids in: Advances 
Chemistry and Radiochemistry, Vol. 1, p. 267-314. Academic Press, New York (1959) 


19) R. A. BRown and E. H. Swirt, J. Amer. Chem. Soc. 71, 2719 (1949) 

” G. HARBOTTLE, J. Chem. Phys. 22, 1083 (1954). R. E. CLEARY, W. H. HAmicy and R. R. WILLIAMs, 
J. Amer. Chem. Soc. 74, 4675 (1952). 
A. TOVBORG JENSEN and S. E. RASMUSSEN, Acta Chem. Scand. 9, 708 (1955) R. W. AsmMussen, Z. Elekt 
chem. 45, 698, (1939) 
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jual valence distribution from the p-decay and thermal neu- 

are well with experiments on oxides of arsenic."’ For the 
energy is about ten times greater than the recoil energy from 
-lectrons in the /-decay contribute to a small reductive effect. 


he hypothesis that the chemical state of an element 


is determined in the last part of the track, when the velocity of the 

he magnitude as that of the orbital electrons. The chemical 

us determined from the possibility of uptake of electrons in the hot-zone. 
hanges in the valence distribution after heating of the com- 


KSbCI,-H,O and K,SnCl,. These isothermal annealing curves 











species, KSb(OH Per c 


i temperature dependent plateau for KSb(OH),. For KSbCI,-H,O they show a 
ture independent plateau. Annealing of radioactive antimony formed in /- 
tin causes a small increase in the yield of pentavalent antimony. This increase 


compared with those for neutron irradiated antimony compounds. The tin 


nds were stored for two months at room temperature and the antimony formed 
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by /-decay was present as a very diluted impurity unlike the case of the irradiated anti- 


mony compounds. 


[he temperature independent plateau in KSbCI,-H,O might possibly be explained by 
a jump mechanism according to HARBOTTLE and SuTIN.“*) The nuclear event may 


produce a series of halogen interstitials at varying distance from the primary fragment 

















Sb species, KSbCI,-H,O and annealing of 
r cent }*°Sb(V) or }“°Sb(V) vs. time of heating(hr) 


Some halogen interstitials may be situated in deformed lattice regions near the primary 
fragment and may jump preferably in the direction of the primary fragment. This 
mechanism may give rise to quick annealing reactions. When this part of the inter- 
stitials are removed by annealing the “‘constant”’ plateau value is reached. The exist- 
ence of the “constant” plateau is explained by slow diffusion of displaced fragments 


TABLE 3 


Annealing 


reaction 


Sb!" annealing 
in KSb(OH), 


into lattice holes. The kinetics of this relatively simple model leads to a first order 
reaction and first order kinetics were demonstrated for KSbCI,-H,O. 

Temperature dependent annealing curves are explained by RAUSCHER ef a/.‘**) in 
terms of competitive annealing reactions. The assumption of a limited number of 


annealing products leads to kinetic expressions showing that the number of straight 


22) H. E, RAUSCHER, N. SuTIN and J. M. MiLter, J. Inorg. Nucl. Chem. 17, 31 (1961). 
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R) vs. time-curves is equal to the number of 


1g of KSb(OH), resolved into two straight lines. In 


d A, and the temperature dependent intercepts 


KSb(OH), 100°C, (R 


the fast and the slow reaction. Using the rate 
yr the annealing of **Sb amounts to 3-4 kcal/mole 


it —40 cal °C at 100°C. 


the Danish Atomic Energy Commission 


r DR 2 on Research Establishment Riso, the reactor 


ATIC’ 





LATTICE ENERGIES OF COMPOUNDS OF THE 
TRANSITION-TYPE METALS 


M. F. C. LApp* and W. | 


Battersea College of Technology, L« 
(Received 22 Dece: 


Abstract—Empirical Madelung con its are calculated for the oxides and 


with atomic number! 


—_ 
na 


actinide series of elements 
throughout these series is compared with the similar variation 
t the 5f shell, rather than the 6d, is progressively fille 
lattice energy variations in the first transition series 
ariations in terms which relate only to the metals 


VARIATIONS in lattice energies, and in such related properties as equilibrium interatomic 


; M- 


distances r,, for the first transition series of elements, involving series of cations 
from Ca to Zn in the Periodic table, have been reported.":*) The general relationship 


of these properties to atomic number has been attributed to a crystal-field stabilization. 
Similar variations have been reported for other transition series, and for the trivalent 
M** halides of these elements. The lattice energies were calculated from the Born- 
Haber cycle, the relevant data being available for most of the compounds considered ; 
the sources of such data have been recently enumerated.-4 

It seemed of interest to extend these calculations to similar compounds of the 
lanthanide and actinide series, and to compare their lattice energies with each other, 
and with those of the first transition series. However, insufficient data are available for 
direct determination from the Born-Haber cycle, nor are the appropriate Madelung 
constants available for the calculation of these lattice energies. We therefore proceeded 
as follows. 

1. Using the lattice energies, AU, of the alkali halides of the ““NaCl-type’’ structure 


(excepting those of lithium) determined from the Born-Haber cycle, in conjunction 


with the equation: 
4’ e* 
Al —-fI 


To n 


where n is the exponent of ry in the repulsion term, an empirical Madelung constant, A’, 
was evaluated. From A’, taking a value of » derived from the known compressibilities 
2 per cent; this 


it was found that the lattice energies could be reproduced to within 
1 


is the error involved in neglecting the C and D terms of the more complete equation. 
Further, if m was taken as constant throughout this series, the lattice energies were 


* X-Ray Crystallography Section. 
t Chemistry Department. 
1. E. OrGeEL, Proceedings of 10th Solvay Conference Chem., Brussels, 289 (1956). 
N.S. Husy and M. N. L. Pryce, J. Chem. Phys. 28, 244 (1958). 
P. GeorGe and D. S. McC.ure, Progress in Inorganic Chemistry, (Edited by F 
Interscience, New York (1959) 
1) M. F. C. Lapp and W. H. Ler, J. Jnorg. Nucl. Chem. 11, 264 (1959). 
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+ per cent. We therefore felt justified in applying this method 


transition element series 
ies of the oxides MO of the first transition series were calculated, 
8-6 for 


nt for this series in equation (1), taking 
The values are 


r consti 


n — 9 for the remaining oxides 
rn-Haber cycle values AU ,, evaluated from recent 
ind on the affinity of oxygen for two electrons.“ 


haps TiO) the two sets of lattice energies l 
he lattice parameter for VO was taken from a 


ch it was shown that appreciable deviations from 


1004 


ORS 


with corresponding changes in lattice parameter, and 


properties also 


attice energies listed as U(1/n) and U(p/rg) were calculated using the Born- 
nd simple Born-Mayer, equations respectively."°) However, the equation used 


incorrect, in that the compressibility, from which the 
] 


1. is equated to(r. d*U/dr*)—|. instead of (V. d*U/dV*) 


| 
nt pis obtained 


mensionally inconsistent powers of r in the van der Waals C-term. 


f approximations made in ry-values, these lattice energies are not 


lanthanide series of oxides, M,O,. Their structures fall 


We consider next the 
those from La to Nd inclusive have the ““La,O,-type”’ structure, the 
nainder (with the exception of Pm, for which data are not available) having the 


OT< JUPS 


-type’’ structure 
n considering the ““La,O,-type”’ oxides, the lattice energy of La,O, was calculated 
1 the Born-Haber cycle, and used to evaluate an empirical Madelung constant A’ 
nt crystallographic data for this compound were used.‘ Taking n = 10, A’ has the 
ilue 26°4(0), and this value was used in the calculation of the lattice energies of the 


1ochemistry, (3rd. Ed). Pergamon Press, 
13, 959 (1960) 
na > 1 (1954) 
t W-7405/Eng-48, U.C.R.L. (1955) 
icta Cryst. 6, 741 (1953) 
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remainder of the ““La,O,-type’’ oxides. Since there is no unique rp-distance for this 
structure, weighted mean values were used throughout. 

Considering the ““Mn,O,-type”’ oxides, which are cubic, the empirical Madelung 
constant was derived from the Born-Haber lattice energy of the isostructural oxide 
Y,O;; again taking m = 10, A’ has a value 24-3(8), and this was used, in conjunction 
with recent crystallographic data,“ to calculate the lattice energies of the oxide series 
Sm to Lu. 

he results of these calculations are recorded in Table 2, together with the r,-values 
used, and the quantity (/ S) for the cations, derived from the Born-Haber cycle using 
recent evaluations of heats of formation”? and of the electron affinity of oxygen.“ 

TABLE 2.—LATTICE ENERGIES OF THE RARE EARTH 
OXIDES, AND THE TERM (/ S$) FOR THE CORRE 
SPONDING CATIONS (KCAL/MOLE) 
S) 
La.O (935) 
CeO 
Pr,O 
Nd.O 
Pm,O 
Sm,O 
Eu,O 
Gd,O 
Tb,O 
Dy,O 
Ho,O 2 1019 
Er,O 2:2 2 1026 
[m,O 
Yb,O 
Lu.O 


wa 


966 


mM hy bh 
A 


tr 


4. The treatment was extended to the corresponding trichlorides, which also fall 
into two structural types. Those from La to Gd inclusive have the “UCI,-type”’ 
structure, those from Dy to Lu the “YCl,-type’”’ structure. Insufficient data are 
available, however, for PmCl, and TbCl,. The empirical Madelung constant A’ for 
the “UCI,-type”’ structure has the value 10°3(2), which was calculated from the 
thermodynamic lattice energy of LaCl,, taking n = 9. This value of A’ was used to 


compute the lattice energies of the remainder of this group, and is in quite good 


agreement with the «-parameter (the “‘Madelung constant per valence bond’’) calculated 
by TEMPLETON” to have the value 1-6 for the LaCl, structure type, from which the 
Madelung constant appropriate to equation (1) is 9°6. We think our value is to be 
preferred, since it is evaluated via the Born-Haber cycle, and thus incorporates all the 
non-coulombic terms in the lattice energy. 

For the ““YCl,-group”’ the corresponding empirical Madelung constant, based on 
the lattice energy of YCl,, was: A’ = 9-5(5). 

In Table 3, the lattice energies and the (/ + S) terms are recorded for both the 
above trihalide series, and the weighted r)-values used in their calculation are shown. 


'0) TL). H. TEMPLETON and C. H. DAuBEN, J. Amer. Chem. Soc. 76, 5237 (1954). 
11) PD. H. TEMPLETON, J. Chem. Phys. 21, 2097 (1953). 
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y related actinide series of oxides and chlorides 

» to CmO, inclusive, the oxides have the “CaF,’’- 
licable to the a-parameter is 11-6365."") The 
inclusive, have the ‘‘UCI,”’-structure, the 


was considered in Section 4. The results of 


THE TERM 


IONS (K¢ 


1046 


1050 


tv 


1025 


1030 


~ 
~ 
~ 
~ 


TINIDE SERIES OF OXII I PRICHLORIDES, 


ORRESPONDING ONS { AL/MOLE) 


limited number of “reference”? compounds for which accurate 
mic data are available, we consider that these lattice energies are correct 

5 per cent 

. DISCUSSION 

g the first transition series of the elements, it is observed that the lattice 
vhether calculated from the Born-Haber cycle or on the basis of the simple 
model considered here, vary with atomic number of the cation in the 
‘shown in Fig. 1. It has been assumed that, in the absence of stabilization of the 
/-orbitals by the field of the surrounding anions, the lattice energies would show 


K. HUANG, Dynamical Theory of Crystal Lattices. Oxford (1954). 
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a monotonic increase with increasing atomic number; this is represented by the smooth 


curve drawn through Ca** (no d-electrons) Mn?** (5 d-electrons) — Zn2* (10 a- 


electrons)."*:*.14 Departure from this curve is then an approximate measure of the 


1 


stabilization produced by the anion field—the “‘crystal field’’ stabilization.“.?,*. 


From the Born-Haber cycle: 
Al AH, (/ S) D(Xz) E(X) 2RT (2) 


where F(X) is here the affinity of atom X for two electrons. we investigate separately 
the variations of the terms AH, and (/ S) with the atomic number of the cation: the 
A 


results are shown in Figs. 2 and 3. The individual values of ionization potential" and 


16) 


sublimation energy are: 


Ca Sc Ti =\ & ; Zn 


415 449 470 483 536 5: 55 574 595 646 631. kcal/g-atom. 


c 


42 82 113 123 95 0 102 101 8] 31 kcal/g-atom. 


[he variation in ionization potential with atomic number is linear except in the cases of 
chromium and of copper, where the electronic configuration differs in that only one 
electron is present in the 4s-shell. However, the composite term (/ S) reflects the 
variations in AU, for this series and for other groups of compounds of these metals 
vith acommon anion. We consider (/ S) rather than S alone because the variation 
in / with atomic number raises the “‘base-line,’’ so that it compares more closely with 
the (hypothetical) smooth curves of Figs. 1 and 3 
It appears that a term comparable with (/ -- S) gives rise to the characteristic 
Al atomic number curve, and produces the extra stability of these compounds. 
W. G. PENNEY, Trans. Faraday Soc. 35, 627 (1940) 
M4) L. E. OrGexL, An Introduction to Transition Metal Chemistry. Methuen, London (1960) 


W. FINKELNBURG and W. HumBAcH, Naturwissenschaften 42, 
D. R. Struct and G. C. Sinke, Advances in Chem. Series No. 18, (1956) 


35 (1955), 
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> oxides of the first transition series 


Since Al S$) are of opposite sign in equation (2), they tend to cancel in AH,, 


rn leo ~ h “rm 
Nn inciudes Dot terms 


ing next the results for the lanthanide series, we find a steady increase in 
2 and 3): the 


ric 


wer 
Ul 


gy with increasing atomic number of the cation, (Tables 2 
where it can be evaluated, shows a monotonic increase. 


S). This 


: 4f shell is being completed, thus appears quite distinct from the 
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previous series in which electrons are being added to the d-shell; spectroscopic data 
support this conclusion." 
If we may use this distinction to decide upon the electronic configuration in the 


actinide series, the steady increase in lattice energy with atomic number (Table 4) shows 


them to be of the 5/, rather than the 6d, type, at least in the trihalides and dioxide: 


considered. However, as has been pointed out''®.19 


there may be transitions from one 
configuration to the other with change of anion, and insufficient data are available to 
reach a firmer conclusion at present. 
M. DuNN. Modern Co-ord 
York (1960). 
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2:2'-DIPYRIDYL COMPLEXES OF COBALT, RHODIUM 
AND IRIDIUM—II’ 


LOW-VALENT RHODIUM COMPLEXES 


B. MARTIN, W. R. MCWHINNIE and G. M. WaAINDt 


I 


Queen Mary College, University of London, Mile End Road, Lond 


»stract—The methods of preparation are given of the following red-violet complex salts: (A) Rh(1)- 
y)eClO,3H,O; (B) Rh(I)(dipy),.NO;3H,O; (C) {RhUD(dipy)eCl/NO;:2H,O}n; (D) {RhUD- 
(dipy)sCl-ClO,-2H,O A, C, and D are diamagnetic, B is paramagnetic (/1e: 1-83 B.M.). The use 
he ultra-violet spectrum for rapid determination of the charge on the metal ion is outlined for these 
other dipyridyl complexes. Differences in the infra-red spectra are reported and discussed. It is 
iggested that in the solid state A is the perchlorate of the tetragonal trans |Rh(dipy).(H,O).]* cation; 
is considered both in terms of equal concentrations of Rh(II) and Rh(O) and as Rh(I) « is-diaquo-bis 
2’-dipyridyl nitrate; ¢ and D are discussed as chloride-bridged dimers. 

The visible absorption spectra of ethanolic and aqueous ethanolic solutions of all four salts are 
very similar. A and C are uni:univalent electrolytes in ethanol. The solids are rapidly oxidised in air 
and the solutions are unstable even in the absence of oxygen. Kinetic studies of solutions of A indicate 
that the solvent is being reduced and that the reaction rate is determined by the rate of dissociation of 


the complex. 


Dwyer" obtained intensely coloured violet solutions by treating mixtures of rhodium 
trichloride and 2:2-dipyridyl in methanol with zinc amalgam. These turned rapidly 
yellow in air but were not further investigated. As we had previously found? that 
reduction of chloride-containing tervalent rhodium compounds gives a mixture of 
products we have used as starting materials the tervalent 2:2’-dipyridyl complexes 
reported as the perchlorates in Part I of this series. In the present paper we describe 
the preparation and properties of the previously reported low-valent salts obtained 
by reduction of these, and also of two salts of uni and bivalent rhodium formed when 
the perchlorate anion is replaced by nitrate. Bis 2:2’-dipyridyl silver (1) perchlorate 
and bis 2:2’-dipyridyl cobalt (1) perchlorate= were prepared for comparison with the 
new rhodium compounds: the methods of preparation of these two salts have not 
previously been recorded and are therefore also given together with the magnetic 
moments. 
* Part I. J.1958, 4284 

Present address: Inorganic Chemistry Department, University ¢ openhagen at Chemistry Depart 

ment A, Solvgade 83, Copenhagen K, Denmark 


A diamagnetic mixture containing tris- 


reported’ by two of the present authors as bis- 


-dipyridyl cobalt (1) perchlorate was previously wrongly 


] 


‘ 
2:2’-dipyridyl cobalt (1) perchlorate. The salt as prepared and 
{ 


> 
‘ 
K"4,®) paramagnetic (Table 1). 


characterized here is, in agreement with VLCE 
F. P. Dwyer, W. W. BRANDT and E. Gyarras, Chem. Rev. 54, 959 (1954) 
B. MARTIN. Ph.D. Thesis, London (1958). 
B. MARTIN and G. M. WaIND, Proc. Chem. Soc. 169 (1958). 

) A. A. VLCEK, Nature (Lond). 180, 7 
A. A. VLCEK. Private communication to G. M. WaAIND (1958) 


54 (1956) 


20 





McWHINNIE and G. M. WaAIND 


EXPERIMENTAL 
a manipulator box containing dry oxygen-free nitrogen 
ric. A sufficient quantity of each rhodium complex was 
magnetic measurements to be carried out on each 
ispensions of the tervalent rhodium compounds for this 
lar except for sodium perchlorate (B.D.H. Ltd.) and sodium 


ition. Conductivity water and dry 


mplexes reported here were analysed for metal (Ni, Co, 
rbon, hydrogen and nitrogen by Alfred Bernhardt 


Miilheim (Ruhr), Germany. Chloride was determined 
lrate [Rh(dipy).JCIO,;, 3H,O. Tris-2:2’-dipyridyl- 
n nitrogen saturated distilled water (25 ml) con- 
id sodium borohydride or freshly prepared sodium 
fate. This product was filtered off under suction, 
r and dried over phosphorous pentoxide in a small vacuum 
(Found: Rh, 18-05; C, 42-09; H, 3°52: N, 9-60 
42-15: H, 3-86: N, 9-70%) 
rate Rh(dipy),NO;, 3H,O. Dichlorobis-2:2 
trogen saturated 0-1 M sodium hydroxide (24 ml) and 
3 ¢) was added; the solution immediately became intensely 
precipitated. Sodium nitrate (~5 g) was added and 
vas washed with nitrogen saturated water and dried 
rogen pressure. (Found: Rh, 19-05; C, 44-97; H, 3°73; 
dipy),NO,, 3H,O Rh, 19-36; 


t 


1e Rh(II1) starting material was recovered quantitatively as silver 


he filtrate with nitric acid 


odiumU1) nitrate dihydrate {Rh(dipy).Cl-NO;;2H,O Dichlorobis-2:2’- 


» (0-2 g) was suspended in nitrogen saturated ethanol (15 ml) and reduced 
malgam (10 g ~ 2 per cent) in a small separating funnel and under 
and the ethanolic suspension added to an aqueous solution of 


as then filtered under suction, washed witha little nitrogen saturated 


LIIe 


duced pressure of nitrogen. (Found: Rh, 18:20; C, 43-83; H, 3-26; 


Rh(dipy).Cl-NO,:-2H.O: Rh, 18-75; C, 


give absorption peaks at 311 mu and 252 mu. Half of the chloride 


wn(11) perchlorate dihydrate {Rh(dipy),Cl-ClO,-2H,O Dichlorobis- 


ilorate was reduced and treated in the same way as the corresponding 


1g material was recovered quantitatively from the filtrate 


¢ suspension was added in this case to an aqueous sodium perchlorate solution 
N, 9:25; Cl, 6°14 Calcd. for Rh(dipy),Cl-ClO,-2H.O: 
, 9°54: Cl, 604°) 
wlorate. [Co(dipy),JCIO,. Tris-2:2’-dipyridylcobalt(Il) perchlorate 
It was necessary to reduce a suspension in order to obtain a suffi- 
to carry out analytical, redox and magnetic studies 
idylcobalt(IL) perchlorate (0-2 g) was suspended in nitrogen saturated distilled water 
ethanol (1 ml). The suspension was reduced (10-15 min) with sodium amalgam 
t) when the greenish solid became an intense blue. The amalgam was removed and 
m perchlorate added. The intensity blue solid was filtered under suction, washed 
urated distilled water and dried over phosphorous pentoxide under reduced pressure 
nd: Co, 12:15; C, 51-03; H, 3°65; N, 11°68. Calcd. for Co(dipy), ClO,: Co, 
39: N, 11-90%) 
ver(1) perchlorate. Ag(dipy), ClO,. Silverperchlorate (0-3 g) dissolved in 25 


t aqueous ethanol (5 ml) was added to (10 ml) of an ethanolic solution of 2:2’-dipyridyl (0-5 g). 
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Pale yellow crystals were precipitated, filtered, and recrystallized from ethanol. (Found: Ag, 20-4; 
C, 46°16; H, 3-29; N, 10-60. Calcd. for Ag(dipy), ClO,: Ag, 20-7; C, 46-15; H, 3-68; N, 10-79%) 
The following compounds were also prepared by published methods 


Co(iID(dipy);(ClO,)s-3H,O0 ;" Co(II)(dipy),(ClO,).;"°" Mn(II)(dipy),(CIO,), ;" 
Fe(II)(dipy)s(ClO,).;'° Ni(D(dipy),(ClO,).'* Cu(ID(dipy)s(ClO,).;" 
Zn(I1)(dipy);(ClO4)2;"" Ir(1LD)(dipy)3(ClO,)s; Rh(II1)(dipy),(ClO,)s; 

Rh(II1)(dipy)sCl,ClO, (Part I this series)" 


Determination of oxidation state of metal. This was found by titration with ceric ammonium 
ulphate solution using ferroin as indicator. A weighed sample of the complex was added to a 
measured volume of ceric ammonium sulphate solution standardized with spectroscopically pure iron 
metal. The ceric solution was presaturated with nitrogen. The determination of the oxidation state of 
a metal in this way was confirmed by using Co(III)(dipy);(ClO,)3-3H,O, Rh(II \(dipy);(ClO,); and 
h(LI1)(dipy).Cl, ¢ 10, which failed to react with ceric ammonium sulphate, and also Co(II)(dipy), 
‘ 10, ), which titrated for a one electron change. The time taken for the complexes (Rh(1), Rh(11) and 
Co(1)) to react was reduced from about 12 hr to about 10 min when a few pieces of bright platinum 
were included. The unreacted ceric solution was determined with ferrous ammonium sulphate 
solution. Co(I)(dipy),ClO,; Rh(I)(dipy),ClO,; and Rh(D(dipy),NO,;°3H,0 titrated for a two electron 
change; the volume of ceric solution consumed by one mole of Rh(dipy),Cl-ClO,-2H,O and Rh(dipy) 
Cl-NO,;:2H,0 corresponded to a loss of one electron 


TABLE | 


Diam 


Complex 9 ; 10°v. correction 


[Rh(1)(dipy),]ClO,-3H,O 
[Co(I)(dipy),JCIO, 
{[Ag(I)(dipy),JCIO, 
Rhidipy). NO,°3H,O 
Rh(dipy)oCl-NO,-2H,O 25 10 
aticndciatinnstss det 2 ( 14 


Magnetic measurements. The finely ground solids were packed ‘'*in flat-bottomed pyrex tubes and 
susceptibilities found by the Gouy method with an air-cooled electromagnet. The results are given in 
Table 1. The accuracy of the apparatus and procedure is illustrated by the agreement which was 
found between the value for the gramme susceptibility (7) of Co(II \dipy),(ClO,4).(7 13-21 10-®) 
and that reported by BursTALL and NyHoLM'®? (y 3 O-' e diamagnetic susceptibility 
corrections applied were those used by these authors 

Table 1 shows that [Rh(I)(dipy).JCIO,, Rh(dipy),CINO;2H,O, Rh(dipy),Cl-ClO,-2H,O and 
[Ag(I)(dipy),JCIO, are diamagnetic. The magnetic moment of Co‘I)(dipy),ClO, suggests two un- 
paired electrons per metal ion; that of Rh(dipy),NO,-3H,O is discussed below together with the other 


rhodium compounds. 


Infra-red spectra 
Infra-red spectra were recorded from Nujol mulls using a Grubb-Parsons double beam spectrom- 
e t 


eter equipped with an S3A monochrometer and a rock salt prism 


rhe positions of the transmission minima are given in Table 2 and Figs. la and 1b together with 


H. BursTtALt and R. S. NyHoim, J. Chem 

T. MorGAN and F. H. Burstatt, J. /ndustr. 
BAXENDALE and P. GeorGe, Trans. Faraday 
JORGENSEN, Acta Chem. Scand. 11, 166 (1957) 

M. VON Ja@GerR and J. A. VAN Duk, Z. Anorg. Chem, 2 
YAMASAKIM, Bull. Soc. Japan 15, 130 (1940) 

MARTIN and G. M. WaInpb, J. Chem. Soc. 4284 (1958) 
HARRISON and C. M. Frencu, J. Chem. Soc 
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those for some other similar salts. The spectra of all are very similar and also are in agreement with 
the work of ScHILT and TAyLor"*’, A recent review"? has been used to identify the dipyridyl bands. 
For the 1000-600 cm“! region the dipyridy! C-H modes are unhampered by ring or other frequencies 
All the complexes show an intense band which is assigned as out of plane, in phase, bending mode 





h(dipy)oCl,|NQz. 


(755 cm~ in dipyridyl) but this is a doublet only for Rh(dipy),Cl,-NO;; Rh(dipy) NO,:2H,0; 
Rh(dipy),Cl-ClO,-2H,O; and Rh(dipy),NO;°3H,O. Similar splitting has been reported and discussed 


for other complexes and may here also be characteristic of a cis configuration.'!*-!7+!* This 


Chem. 9, 211 (1959). 


53 (1959). 


A. A. Scui_t and R. C. TAytor, J. Inorg. Nuc 
A. R. Katritzsky, Quart. Rev. Chem. Soc. 8, 
16) B. M. GateHouse, S. E. LivinGstone and R. S. NyHoimM, J. Inorg. Nucl. Chem. 8, 
7) M. L. Morris and D. H. Buscn, J. Amer. Chem. Soc. 82, 1521 (1960) 
18) G. S. Rao, Z. Anorg. Chem. 304, 77 (1960). 
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vork of MURRAY who has found that 


considered to be the sran complex 


1d in ethanol which were slowly decomposed 


& a 


n tl 


measured in StO} pered sealed silica cells with a | nicam 
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ostatted cell carrier and at unless otherwise stated 





f (~10 M) 

with those for other 

» 4 il Ae 

egularities in the spectra could be 


> metal io rhe absorp 





2:2’-Dipyridyl complexes of cobalt, rhodium and iridium—II 


The possibility exists that some of these solutions may contain mono, bis, and tris complexes ; 
however, as stepwise stability constants are available in a few cases only, no attempt was made to study 
the effect of this. For the bivalent metal ions the small changes in the position of Bands I, and | 
suggest (Fig. 3, cf. Reference 23) that the bathochromic shift is dependent on electrostatic interaction 
between ligand and central cation 

TABLE 3 


Charge on metal ion Band la (/ 


III 305 
I] 289 


2’-dipyridyl complexes of metals in unusually low valence states are intensely coloured, although 
extinction coefficients for these ‘“‘redox’’ bands‘**’ have been reported only in a few cases. Solutions 
(~10°-'M) of Rh(1)(dipy),ClO,-3H,O have a broad absorption band (/ 557 mu). The profiles of 
all four rhodium complexes were very similar and were the same in water and in ethanol. Fig. 4 
illustrates this for ethanolic solutions. In Fig. 5 the optical density at 557my, obtained by extra- 
polation to zero-time is plotted against the ‘“*Rh(1)”’ concentration, which was equal to the total con- 
centration of Rh for Rh(dipy),ClO,-3H,O (A) and Rh(dipy),NO;°3H.O (B) and to half of the total 
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reducing power of A, B, and C in 25 per cent 
us ethanol 





2:2’-Dipyridyl complexes of cobalt, rhodium and iridium—Il 
2’-dipyridyl Rh(1) by the method used by GrirFitHs and WILKINSON to 
Addition of solid sodium boro- 


J 


cation was found to be bis 2: 
establish the formulae of the compounds HCo(CN), and HRh(CN). 


hydride to solutions of rhodium trichloride and dipyridyl in 25 per cent aqueous ethanol gave the re 
hodium was two or greater 


2:2’-dipyridyl to rl 
At lower ratios a black precipitate appeared which was a sodium borohydride w 
id was assumed to be rhodium metal. A continuous \ 
it 0-33. 


violet solution characterized above only when the ratio of 
lso obtained wher 


added to rhodium-trichloride solution a: 
plot at 557 my gave two good straight lines intersecting < 


vere Doth measured ymposition of the solids a 


tions 


[he visible spectra of A and ¢ 


n pyridine. (Dec 
about 100°C occurred in vacuo so that the ystallization was also pre In each case the 
ofiles in ethanol were shifted the same amount to shortet 

1-160). This similar behaviour supports 
irs accordi 


OCL 


C and of Rh(dipy),Cl'ClO,-2H,O D reactior 


Rh(dipy),Cl-NO,:-2H,O 


uctivities 


tt 
Ct 


" ie ae i 
hese dilute soiutions 


rhodium!) perc 


[Rh(dipy).(H,O 


‘ } > T 
acid dissociation of the Rh(III 
in the pH of the solutions wv 
itial species has been show! 


discussed 


1G. WILKINSON 

inn. Chim. 9, 113 (1928) 
MALATESTA and L. VALLARINO, J 
M. Harris and R. S. NYHOLM, J 
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sir ultra-violet absorption could be reproduced by adding twice the molar concen- 
» rhodium(III) tris 2:2’-dipyridy] perchlorate (Figs. 7 and 8). 
ts were confined to times slightly greater than one half life where it was found that the 


+ f 


parent energy of activation is 9-2 kcal/mole. The effect of adding 


preliminary dissociation of a dipyridy| group is necessary for the 


iT 
© a} 


with the following scheme: 


(Rh(1)dipy.(H,O).* === Rh(dipy)(H,O),* + dipy 


x 


> Rh(111)dipy(OH), H 


> Rh(111)(dipy).(OH) (rapid) 





2 (Rh); 


). (1/0-693) . f:] 


n 


ice, when no excess dipyridyl is added, / 


1 to derive the following: 
10-7; and K 


by hydrogen ions (Table 4). Such acid catalvsis has 
attributed to the stabilization of a structure in which one 


J. Amer. Chem. Soc. 76, 


»f Inorganic Reactions. J. Wiley, New York (1958). 
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naller hydroxyl ion catalysis has also been observed 
yse expected for an 
of similar compounds in more usual valency states 


acid and base catalysed dissociative mechanism 
VIOUT 


). The overall reaction is similar to that of A, 


atedihydrate(¢ 
is less, the apparent activation energy about the same (£4 
1 which the reactants are [Rh(1)(dipy).(H,O).]* and [Rh(IIT) 


Run 14 Table 4 is in accordance with this 


DISCUSSION 
four compounds show that there is no evidence for 


unlike the dipyridyl complexes of chromium and 


iv 


ites’ the magnetic moments give no clear 


metal ligand interaction. The diamagnetism of A 
wit 3) while 


h other complexes of uni-valent rhodium; 


e absorption of solutions in aqueous ethanol and in pyridine 
olvent molecules. The paramagnetism of the 


pyridylrhodium(1) cation If the magnetic 


one unpaired electron on 


us: if B is a mixture of rhodium(0) and 


ust be postulated to occur during the preparation. 
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accord with the experimental data given above, but the 


tionation would need to be rapidly precipitated. 
_ 1 NaBH ; 
» [RhCUILD(dipy),(OH),} ‘> [Rh(1)(dipy).] 


= [Rh(0)(dipy).| [Rh(11)(dipy).}° 


la to determine the number of unpaired electrons 


netals may however give misleading results‘ 


the paramagnetism corresponds to two unpaired 


1) may possibly be co-ordinated through two oxygen atoms 
he rate of addition of electrons to a di-hydroxy-bis- 
it is greater than the rate of rearrangement 
rr both the [Rh(II1)(dipy),Cl,]}> cation and for 
above. An alternative formulation of this 

later below. 
the perchlorate and the nitrate of the dihydrate of a 
ion and on solution give mixtures of 


1 


1 [Rh(L1)(dipy),Cl,]}*. The solids are however diamagnetic which 


r by a dimeric structure if it is assumed that the two half-filled 
an overlap in the region of two bridging chloride ions. 
support fr the fact that such halogen bridged 

that a 


bivalent rhodium has recently been proved 


8,39 
5.5 


of rhodium chemistry 


ese compounds could be based on the possibility 
’ gen as the method of preparation of A and B 
ride might suggest this (cf. Reference 41). However it was found 
nd D could only be prepared when sodium-amalgam was used 
mpts to reduce a neutral aqueous suspension of dichlorobis- 
te with sodium borohydride at room temperature gave 
; 10°). Analyses of several preparations 
lipy), H-Cl'ClO,2H,O) but were repeatable 

rom carbon). 
itrations and magnetic data for A, B, C, and D also would not 
rmulae; Rh(III)(dipy),H,-ClO,3H,O(A), Rh(IL)(dipy),H-NO,: 
lipy)sCl-H-NO,:2H,O(C), Rh(LLL)(dipy),Cl-H-ClO,-2H,O(D). It 

, ' 


1 to be assumed that the decomposition in solution gives 


CCK 4 


n magnetic resonance absorption measurements could detect such 


Special 
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hydrogen addition but have not been made by us.* As the properties described here 


are very similar to those of dipyridyl complexes in more usual valence states we have 


preferred to consider A, B, C, and D as low valency rhodium compounds. 
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THE PREPARATION AND PROPERTIES OF 
SILYL METHYL SULPHIDE* 


B. STERNBACH and A. G. MACDIARMID* 


John Harrison Laboratory of Chemistry, University of Pennsylvania 
(Received 13 June 1961; in revised form 21 July 1961) 


Abstract—The new compound, SiH,;SCHs, has been prepared from SiH;I-N(CHs)3 and CH,SH. Its 
physical properties have been studied. Using B,H, as a reference Lewis acid, SiH;SCH; has been 
found to be a weaker Lewis base than (CH;).S. Diborane was not a sufficiently strong Lewis acid to 
differentiate between the relative base strengths of SiH,;SCH, and (SiH;).S 


IN a previous paper" it was shown that (CH;),O was a stronger Lewis base than both 
SiH,OCH, and (SiH;),0 when B,H, was used as the reference Lewis acid. The base 
strength of SiH,OCH, relative to (SiH;),0 could not be determined since neither 
compound formed an addition compound with B,H,. Since B,H, generally forms 


9) 


stronger addition compounds with sulfides than with ethers,‘ it was hoped that if the 
analogous series of sulphides was investigated that the relative base strengths of the 


silyl methyl and disilyl compounds could be determined. 


EXPERIMENTAI 


> 


Apparatus and reagents. The apparatus, techniques and reagents were identical to those used 
previous work." 
Methanethiol. Commercial CH;SH (99 per cent minimum purity) was distilled in the vacuum 
system, the first and last portions to distil being rejected 
Preparation of SiH;SCHs. A slight excess of (CH;);N was mixed with SiH;1(0°7098 g) in a 500 ml 
bulb at 196° and after warming to room temperature, the excess (CH;),;N was distilled from the 
solid SiH,I-N(CH3)3. CH,SH(0-2024 g) was then added and the reaction vessel was held at 0° for 
7 hr. Materials volatile a 78° were then allowed to distil from the reaction vessel for a period of 
85 min. Fractionation of the volatile materials yielded crude SiH;SCH, as a condensate in a trap at 
96°. Slow distillation from a trap at 78° yielded pure SiH,;,SCH,(0-1782 g, 54 per cent yield: 
mol. wt. found, 78-0, caled., 78-22). Analyses and all experimental work with SiH;SCHs were carried 
out using material whose vapor pressure at 0° was in the range 105-1—-105-4 mm (calcd., 105-2 mm) 
A sample of the material (0-0886 g) was hydrolysed in 35% aqueous NaOH containing ethanol 
(2 ml) and piperidine (2 ml). Silicon was determined as SiO,.'*) (Found, 35-8. Calcd., 35-91%) 
Another sample was analysed for carbon and hydrogen.? (Found: C, 15-6; H, 7-9. Caled. C, 15-35; 
H, 7:7). SiH;SCH; melts sharply at 116-7 0-4 
Vapour-pressure of SiH;SCH;. The vapour-pressures of SiH;SCH,; were measured at a number of 
temperatures using a mercury manometer. They are recorded in Table 1. 
* This report is based on portions of a thesis submitted by B. STERNBACH to the Graduate School of the 
University of Pennsylvania in partial fulfillment of the requirements for the degree of Doctor of Philosophy. 
Alfred P. Sloan Research Fellow. 
Analyses performed by Micro-Analysis, Inc., Wilmington, Del. Since SiH,SCH, decomposes slowly 
at room temperature, the sample was transported in Dry-ice 
B. STERNBACH and A. G. MacD1armip, J. Amer. Chem. Soc. 83, 3384 (1961) 
F. G. A. Stone, Chem. Rev. 58, 101 (1958) 
I. M. Koctuorr and E. B. SANDELL, Texthook of Quantitative Inorganic Analysis, p. 406. Macmillan, New 
York (1943) 
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tric 


he equation 
1604 


heat of vapol ization of 7:34 kcal 
position of the compound occurred during the 
not differ greatly from the extrapolated 


F SiH,SCH 


P (mm)(calcd.) 


I 


FRA-RED ABSORPTION MAXIMA OF SIH,SCH 


Analogy (cm 


2210 in SiH,SCI 
2180 in (SiH;).S" 


CH, deformation 
940 in SiH,SCI 

956 in (SiH;).S 
910, 906, 762 in SiH,SCI 
907 in (SiH;).S 

694 in (CH;).S 

625 in SiH,SCI 

635 in (SiH,).S 


m shoulder medium 


SiH, deformation 


f SiH,SCH This was made with a Perkin-Elmer Model 21 double beam 


4771 
employing a sodium chloride optical system and a 10 cm cell fitted with 


pe 
* spectrophotometer, 
1 potassium bromide windows cemented with glyptal resin. The measurement was made at 20 
mple at 16 mm pressure 
»f SiH,SCH,.SiH,SCH,(0-0517 g) was allowed to stand at room temperature, 
V. EBSWORT M. OnyszcHUK and N. SHEPPARD, J. Chem. Soc. 1453 (1958). 
1. Downs and I A.V. EpswortTu. J. Chem. Soc. 3516 (1960) 
4. V. EpswortTu. R. TAYLOR and L. A. WOODWARD, Trans. Faraday Soc 
I I ind H. W. Tuomwpson., J. Chem. Soc. 481 (1946) 
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55, 211 (1959) 
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1 phase and partly in the vapour phase in a 12 ml all-glass container, in normal 
for four days. Only 94 per cent of the SiH,;SCH; was recovered as volatile 


le half of the material was removed by distillation and the remaining half 
yur-pressure at 0° of 101-6 mm (calcd. 105-2 mm). Hence some thermal 


B.H,.(i) SiH,;SCH,(0-434 mmole) and B,H,(0:217 mmole) were 

onnected to a mercury manometer. The tube was surrounded by 

nd then cooled to —196°. This was repeated six times in order to facilitate 
130-5° the mixture exerted a pressure of 37°0 mm. The sum of the vapour- 
unds at this temperature is 48-2 mm'‘*); 81-6 per cent of the original 

listil from the mixture at 130-5° during 4-5 min. The remainder of the 
1, yielded B.H,, which, when combined with that first removed, amounted to 
- 


j 5 


ound, 26-6, caled., 27-69; infra-red spectrum identical to that of pure B,H,) 
nsisted of SiH,SCH,(0-438 mmole; mol. wt. found, 77-9, caled., 78:22; vapour- 
105-0 mm, caled., 105-2 mm) 

periment was performed in which an excess of B,H, was employed. SiH,;SCH 
d B,H,(0-831 mmole) were treated as previously described. A constant pressure of 
1 at The sum of the vapour-pressures of the individual 

17-8 mm. Ninety-nine per cent of the original B,H, used was found 

5 during | hr. Upon fractionation, the remainder of the material 
vhen combined with that first removed, amounted to 0-827 mmole, 
d., 27-69, infra-red spectrum identical to that of pure B,H,). The other 
SCH,(0-441 mmole; mol. wt., found 77:8, caled., 78-22, vapour-pressure at 

d., 105-2 mm) 

ll the B.H, did not distil from the 130-5° mixture in the first experiment 
not sufficiently long. The low vapour-pressures of the SiH;SCH;~—B,H, 


are probably due to solubility effects or to some form of weak inter- 


RESULTS AND DISCUSSION 


[he reaction of the addition compound formed from SiH,I and (CHs),N with 
CH,SH at 0° gave good yields of the new compound SiH,SCH, 


SiH,I-N(CH,), ~ CH,SH —> SiH,SCH, + (CH,),N-HI 


No evidence was obtained for the formation of an addition compound between 
SiH,SCH, and B,H, under conditions suitable for the formation of (CH,).S-BHg.°? 
has been reported that under similar experimental conditions there is no adduct 
rmation between (SiH,).S and B,H,."” Both SiH,SCH, and (SiH;),S are therefore 
ker Lewis bases than (CHg).S but B,H, is not a sufficiently strong acid to differentiate 
tween the relative base strengths of SiH,SCHs, and (SiHs;),S. It is highly likely that 
1e unexpectedly small base strength of SiH,SCHs observed is due at least in part, to 

> energy required to convert B,H, to BH, units." 
rhe relative electronegativity values of silicon (1.8) and carbon (2.5) would lead one 
expect that the base strength of the sulphides would increase as silyl groups were 


ibstituted for methyl groups. The fact that (SiH,),O is a much weaker base than 


(CH;),0°° has been attributed to the fact that considerabie p,-d_ bonding occurs 
between the oxygen and the silicon. This is consistent with the fact that the Si—O—Si 


MER, J. Phy Chem. 60, 911 (1956). 
GRAHAM, J. Inorg. Nucl. Chem. 3, 164 (1956) 
N nication, Nov. (1960) 
E. | NER and A. D. Payton, Abstracts of papers presented at 133rd National Meeting 
in Chemical Society, San Francisco p. 52q. (1958) 
Office of Ordnance Research Project No. TB2-0001 (817), Contract No. DA-11-022-ORD- 
trol No. OOR-137-53, Final Report, Aug. (1957). 
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bond angle in (SiH ),0 is 155°," whereas the C—O—C angle in (CH,),O is 111°." 
- 3/2 e 3/2 

The oxygen bonds in (SiH3),O therefore have considerable SP character. If an exactly 

analogous explanation were to be given to explain the low base strength of (SiH;),S 


then one would expect that the Si—S—Si angle would be large. However, it has been 


found to be only 100°." This, therefore, suggests that the bonding in the sulphur 


linkages has very little s character and is primarily pure p in character with the p,-d, 
bond involving principally the remaining 3p sulphur electrons. This is consistent with 
the observations that in simple sulphur compounds such as H,S and (CHs),S there is 
less s character in the sulphur bonds than in the oxygen bonds in the analogous species 
H,O and (CHs),0. This is exhibited in the observed bond angles H,O = 104°31'"), 
H.S 92°6'"), (CHs),0 111°°), (CH,).S 104°28’ 16) 

R. F. Curr, Jr. and K. S. Pitzer, J. Amer. Chem. Soc. 80, 2371 (1958) 

L. PAULING and L. O. Brockway, J. Amer. Chem. Soc. 57, 2684 (1935) 

H. R. Linton and E. R. Nixon, J. Chem. Phys. 29, 921 (1958) 

4) B. T. DARLING and D. M. DENNISON, Phys. Rev. 57, 128 (1940) 


) C. A. Burrus, Jr., and W. Gorpy, Phys. Rev. 92, 274 (1953) 
"’ K. W. F. KOHLRAUSCH, Monatshrifte Chem. 68, 349 (1936) 








SOME PROPERTIES OF COPPER(II) 
4z-AMINO-ACID CHELATES 


\ STUDY OF SOLUBILITIES, VISIBLE REGION AND INFRA-RED 
SPECTRA IN RELATION TO CRYSTAL STRUCTURI 


D. P. GRADDON 
Inorganic Chemistry Department, University of New South Wa 
Sydney, Australia 


L. MUNDAY 


Technical College, Birkenhead, England 
(Received 26 April 1961; in revised form 18 July 1961) 


Abstract—Solubilities and visible-region and infra-red absorption spectra have been obtained for 
typical solid copper(II) «-amino-acid chelates. These compounds fall into three groups, differing i1 
the environment of the copper atoms: 

(1) hydrated compounds of simple x-amino-acids, freely soluble in water and thought to have six 
co-ordination of the copper atoms completed by water molecules; 

(2) copper(II) «-amino-n-butyrate and its higher homologues crystallize anhydrous from water in 
which they are only sparingly soluble; in them six co-ordination of the copper atoms is probably 
completed by weak intermolecular C—O - - - Cu linkages; 

(3) copper(II) «-amino-isobutyrate and cyclopentane-|:amino-1 :carboxylate are very soluble in 


water but crystallize from it anhydrous in violet plates; the visible-region absorption spectra of the 


solid compounds show two overlapping bands, suggesting that the copper atoms are truly four-planar 
co-ordinate, a stereochemistry not yet established for any other compound of copper(II). Possible 
structures are discussed for the sparingly soluble, hydrated 2:substituted cyc/ohexane-1 :amino-1 :car- 
carboxylates, which have properties intermediate between those of the first two types. Some cor- 
relations are indicated between the infra-red spectra and the hydrogen-bond systems in the crystals 


and environments of the carboxyl groups. 


rE solubilities of the inner complexes of x-amino-acids with divalent copper appear 
to drop sharply when the length of the alkyl chain attached to the a-carbon atom is 
increased beyond two carbon atoms. Ina preliminary communication" we attributed 
this effect to obstruction by the hydrocarbon chains of water molecules approaching 
the copper atoms along the axes normal to the molecular plane (1). This hypothesis 
was supported by the ready solubility of copper(II) cyclohexane-1 :amino-1 :carboxy- 
late, in which the C; side chain has its mobility restricted by cyclization (II). 


’ 


D. P. GRADDON and L. Munpbay, Chem. Industr. 122 (1959) 
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ve now determined the solubilities of fourteen of these compounds, including 
branched side chains and five with hydrocarbon ring residues. The results 


n Table 1. 
p drop in the solubility of the straight chain compounds on increasing the 
in x-amino-n-butyric acid, and the high solubilities of the cyclo- 


n to C, 
and cyclohexane-|:amino-|:carboxylates, provide confirmation of our 
observations. The importance of access to the copper atom is 


ve 


SOLUBILITIES OF COPPER(II) %-AMINO-ACID CHELATES IN WATER AT 18 C€ 


Solubility 


Side chain(s) 
(mmole/1.) 


CH 
C,H 
n-C.H, 
n-C,H, 
n-C,H 
(CH,).» 
(CH;),(C2H;) 
CH,-CH(CH,), 
(CHs), 
(CH,) 
arboxyl CH,CH(CH.,), 
carboxylic C.H;CH(CHsg), 
l rl C,H-CH(CH.,), 


-mphasized by the much lower solubilities of the 2:substituted cyc/ohexane- 
ylates, in which, if the 2:alkyl groups occupy equatorial sites in the 
g, the geometry of the chelate ring system holds them rigidly directed 
th and sixth co-ordination positions of the copper atom (III). 


Lit 


There are, however, some features of these results which make it apparent that the 


) simple as we at first thought and which have prompted us to make a 
The features which have particularly claimed our 


vestigation. 


1e sharp drop in solubility of the straight chain compounds which occurs 
copper(II) «-amino-n-butyrate is 


) 1 copper(II) «-alaninate and 


LW 


accompanied by a change in the solid state from the hydrated to the anhydrous 


condition, the glycine and alanine compounds crystallizing from water as 
n drat reas all the higher homologues are obtained anhydrous. 
Copper(I1) cyc/ohexane-| :amino-1 :carboxylate crystallises from water as the 
nohydrate, but the much less soluble 2:substituted derivatives crystallize as 


} ] 
10 -h “ate 
wgner Nyarates. 


ranched chain compounds are more soluble than straight chain compounds 

of similar molecular weight. 

Despite their high solubilities, copper(I1) z-amino-iso-butyrate and copper(II) 
clopentane-! :amino-! :carboxylate crystallize from water (with almost no 


temperature coefficient of solubility) anhydrous in violet plates, quite different 


in colour from any of the other compounds. 





Some properties of copper(II) x-amino-acid chelates 


These observations all indicate that there are fundamental differences between 
these «-amino-acid chelates in the solid state, and we might expect differences in lattice 
energy due to different crystal structures to make an important contribution to 
variations in solubility. A knowledge of at least the dominating features of the crystal 
structures of these compounds is thus imperative if we are to understand their 


properties. 


Only two copper(II) «-amino-acid chelates have been examined by X-ray analysis: 
copper(II) dl-prolinate dihydrate“ and anhydrous copper(II) dl-z-amino-n- 
butyrate (the analysis of which was only partly completed). In both of these all the 
hydrogen atoms of the amino groups or water molecules are hydrogen bonding to one 
or other oxygen atom of the carboxyl groups of neighbouring molecules; in the 
hydrated compound the copper atoms have an environment of two nitrogen atoms 
(at 1-99 A) and two carboxyl oxygen atoms (at 2:03 A) in a trans planar configuration 
with two water molecules on the axis normal to the molecular plane and at rather 


greater distance (2:52 A) (IV); in the anhydrous compound the copper atoms have a 


similar elongate-octahedral environment, completed by co-ordination in the fifth and 
sixth positions of the carboxyl C—O oxygen atoms of two neighbouring molecules 
(V); the intermolecular C—O - - - Cu distance is not stated, but can be estimated from 
the details given at about 2-3-2-4A. 


Whilst fine details of the solid state structures are accessible only by X-ray analysis 
it seemed likely that we could differentiate features of this type by simpler methods. 
Infra-red spectra in the 6 ~ region should indicate any major change in the behaviour 
of the carboxyl group and in the 3 # region should give some information about the 
nature of the hydrogen bonding systems involved. Similarly, since the visible region 


A. Srosick, J. Amer. Chem. Soc. 67, 362 (1945). 
A. A. MATHIESON and H. K. WeLsH, Acta Cryst. 5, 599 (1952). 
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he copper atom is sensitive to its environment, changes such as those 
We have therefore examined the infra-red and 
n spectra of typical members of the series and also, for com- 


. ] 1 
eveadied. 


1 spectra in aqueous solution. 


spectra in aqueous solution 

ths and intensities of the visible region absorption band of the 
lutions containing various ratios of copper(II) ion (as 

110n (as sodium salt) are shown in Figs. 1 and 2. 


Lqueous 


es at a copper(II) ion:amino-acid anion 


‘the | 


+1 lL, - + ara. y 1, ~— + 
eths characteristic of ther absorption. 


ly glycine) increasing the amino-acid concentration beyond the 


2 complexes in aqueous solution and 
It will be observed that in 


tahl 
7a 
avVi 


elength curve, although the intensity continues to increase. 


TRA OF AQUEOUS SOLUTIONS OF 


ABSORPTION SI 
R(T) %-AMINO-ACID CHELATES 


COPPI 


)- | ;CaArDOXYIIC 


. } . 
1ino-| :carboxylic 


ersed portion of the curve presumably corresponds to the formation of higher 
, In which water molecules occupying the fifth and sixth co-ordination 
of the copper atom are being displaced by further co-ordination of amino- 
| anions to give five- or (less probably) six- co-ordinated species; the formation of 
h species is characteristically accompanied by this type of wavelength reversal 
and there is evidence for the formation of the anionic complex [Cu(NH,CH,CO,_ )s] 
1 aqueous solution 
In all of these examples the absorption spectra of the 1:2 complexes are near- 
perfect Gaussian curves with maximum extinction in the range 610-630 mu. The 
same wavelength is found for other soluble amino-acid chelates, such as the glutamate 


and N substituted glycinates; extinctions vary only slightly from one compound to 


another (Table 2). 


We conclude that in aqueous solution the copper atom has the same environment 
throughout, being co-ordinated to two nitrogen and two carboxyl oxygen atoms in the 


molecular plane and two water molecules in the axis normal to this plane (and 


C. K. JORGENSEN, Acta Chem. Scand. 8, 1275 (1954). 
H. L. Ritey and V. GALtaFEnt, J. Chem. Soc. 2029 (1931). 
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amino-acid anion 


Fic. 1. 
































id anion 


FIG. 


Fics. | and 2.—Extinctions (Fig 1) and wavelengths (Fig. 2 


2) of absorption maxima of 
copper(II) solutions containing the anions of glycine (1)f «-alanine (2), «-amino-n- 


butyrate (3), x-amino-isobutyrate (4) cyclopentane-1:amino-l-carboxylate (5) and 
cyclohexane-1| :amino-1 : carboxylate (6). 
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longer then normal distances). This conclusion is supported by the 


ivelength of solid copper(I1) prolinate (615 my), which has been shown 


lysis to have such an environment. The mean wavelength characteristic 
ingement is 620 my, slight deviations from this being attributed to minor 


~4 © 


ffects, which probably result in small variations of the bond angles within the 


* perhaps to changes in the ligand field due to the varying inductive 
he alkyl groups. The latter explanation, however, is not supported by the 
bis(z-alkylmalonato) cuprate(I]) complexes, in which corresponding 

kyl groups whilst progressively increasing the extinction coefficient of 


absorption band have no effect on its wavelength. 


m absorption spectra of solid compounds 
i i 


> visible region absorption spectra of the solid compounds dispersed in nujol 
into three groups: (Fig. 3) 
|) A single well-defined absorption band with maximum intensity at the same 
wavelength as in solution, observed for hydrated copper(II) glycinate (636 my); 
copper(II) prolinate (615 my); copper(I1) cyclohexane-1:amino-| :carboxylate (612 
mu) 
[his absorption is characteristic of those hydrates in which the copper atom 
ichieves elongate-octahedral symmetry by co-ordination of water molecules along the 
mal to the molecular plane. This suggests that in the crystals of copper(II) 
hexane-| :amino-| :carboxylate monohydrates the packing must be 


1 so as to maintain such an environment (for example V1). 


adjusted 


(2) A single, rather broad band with maximum intensity at 580-590 mu, combined 
with the beginning of strong absorption in the near ultra-violet, apparently at 
increasingly longer wavelength as the molecular weight of the amino-acid increases; 
observed for all of the open chain anhydrous. compounds from copper(II) x-amino-n- 
butyrate upwards, exceptcopper(II) z-amino-iso-butyrate; also observed forcopper(IL) 
x-alaninate monohydrate and 2:substituted cyclohexane | :amino-1 :carboxylates. 

[his absorption is clearly characteristic of the copper atom which has achieved 
elongate-octahedral symmetry by co-ordination of the C—O oxygen atoms of neigh- 
bouring molecules in the fifth and sixth positions (V). By analogy with the absorption 


D. P. GRADDON, J. Inorg. Nucl. Ghem. 7, 73 (1958). 





Some properties of copper(II) x-amino-acid chelates 237 


spectra of copper(IL) alkanoate structures of the type [Cu,(OCOR),L,]™ we should 

expect a weakening of the ligand-field in the axis normal to the molecular plane to be 

accompanied by a shift of the absorption to shorter wavelength (coupled with splitting 

into two bands, which could not be observed in the solid state unless they were very 

well separated) together with the appearance of a new band in the near ultra violet. 

We conclude that the copper(II) z-amino-n-butyrate type of structure is preserved 
Wavelength, Mm 42 


500 450 











Frequency 7. 
Absorption spectra of typical solid compounds: copper(II) glycinate hydrate (1), 
x%-amino-n-butyrate (2), x-amino-isobutyrate (3). 
in the higher homologues. The appearance of the absorption band of copper(II) 
z-alaninate monohydrate in the same region is rather surprising and may indicate that 
here too a structure of this type is favoured, the water molecules being held in vacant 
spaces in the lattice by hydrogen bonding. 

(3) A broad band of lower intensity, clearly resolvable into two components with 
maxima about 510 and 590 mu, together with the appearance of a third band in the 
near ultra violet; observed only for copper(II) «-amino-iso-butyrate; copper(II) 
cyclopentane-| :amino-1 :carboxylate. 

The structures of these substances are unknown, but their absorption spectra 


represent a continuation of the process already begun in the spectra of the second 
type. We now have two distinct bands in the visible region, the solids having a 
characteristic violet colour. These are the spectra we should expect from a truly four 


co-ordinated copper(II) ion with the four ligand atoms in the molecular plane and no 
significant ligand field in the axis normal to the plane. Spectra of this sort are given by 
and 


bis(acetylacetonato) copper(II) and similar compounds in non-donor solvents‘® 
D. P. Grappon. J. Inorg. Nucl. Chem. In the press. 
*) R. C. BELForb. M. CALVIN and G. BELForD, J. Chem. Phys. 26, 1165 (1957). D. P. GrRappon, J. Inorg 


Nucl. Chem. 14, 161 (1960). 
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ilso in the solid state, though the crystal structure of bis(acetylacetonato) copper(II)” 
rly dominated by the weak interaction of the z-electrons situated on the 

CH— groups of each molecule with the copper atoms of neighbouring 

and even the long C--~- Cu distance of 2°85 A evidently allows a large 

ractive force to determine the method of packing of the molecules within 

the case of these z-amino-acid complexes, however, there are no similar regions 
electron density available, since we already know that co-ordination of the 

nding electrons of the C—O groups of neighbouring molecules in the fifth and 


sixth positions produces an absorption band about 590 mu. We are therefore forced 


to the conclusion that in these compounds the copper(II) ion is truly four co-ordinate 
in the solid state, though becoming six co-ordinate in aqueous solution by attachment 
of solvent molecules. If this should prove to be the case it is particularly interesting as 


no example of true four co-ordination of divalent copper is yet known. 


MAIN INFRA-RED PEAKS IN THE 3 {4 AND 6 4 REGIONS 


3 uw region 6 uw region 


(cm~') 


3200. 1580—1605(s), 1680(7m) 

3220, , 3460* 1593-1624(s), 1672(m) 

3170, 3290, 3370 1574(m), 1615(s) 

3270, : 1564(77), 1618(s) 

3200, , 337 1570(m), 1618(s) 

3200, 1574(7m), 1612(s) 

3180, 1568—1592(m), 1622(s) 
1583(m), 1620(s) 


3200, 1527(w), 
1574—-1624(s), 1505(w) 


: 1600(s), 1677(sh—w) 
400, 3480* 1602-1638(s), 1669(77) 


ge 3500-3600 cm 


fra-red spectra of solid compounds 

lable 3 shows the main absorption peaks observed in the 3 ~ and 6 wu regions in 
Nujol dispersions of eleven copper(II) x-amino-acid chelates, including the two whose 
structures have been examined by X-ray analysis. Typical absorption curves are 
shown in Figs. 4 and 5. 

3 w region. Absorption in this region is attributable to the O—H and N—H 
stretching fundamentals, modified by hydrogen-bond formation. Assuming that the 
weak intermolecular C—O-~~**Cu linkage makes no significant difference to the 
strength of the C—O - - - H— hydrogen-bonds, four types of intermolecular hydrogen- 

id are possible in these compounds: 


oe ** * Gh N—H-° OC O—H*::Q 
(VII) (VIIT) (1X) 


h. Osaka, 4 C, 43 ( 
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In the crystal structure of copper(II) dl-prolinate types VIII (2-86 A), IX (2:94 A) and 
X (3-00 A) are present, whereas in anhydrous cupric z-amino-n-butyrate only types 
VII and VIII appear. 

The spectra of the anhydrous compounds are all characterized by two peaks near 
3200 and 3320 cm™ and, as the former is missing only from the absorption of cupric 


r 


Fic. 4.—Infra-red absorption in the 6 « region of hydrated compounds: glycinate ' 
prolinate , cyclohexane-1 :amino-1 :carboxylate —-—-—--, 2 :ethyl-cyc/ohexane-1 :amino- 
1 :carboxylate - 


prolinate dihydrate, we may assign these peaks tentatively to hydrogen bonds of types 
VIL and VIII respectively, though further splittings occurring in some cases suggest 
that the hydrogen bond pattern may be slightly modified to accommodate variations 
in the size of the side chains. The most significant feature of these spectra is the 
obvious similarity in hydrogen-bond pattern between copper(II) z-amino-iso-butyrate 
and cyclopentane-1:amino-|:carboxylate on the one hand and the other anhydrous 


compounds on the other. 

The spectra of the hydrated compounds show further absorption at higher fre- 
quencies, notably a peak near 3450 cm“, which however is not always present, and 
we should not feel confident in drawing any further conclusions from these results. 

6 « region. Absorption in this region is characteristic of the carboxyl group. The 
appearance of the main absorption band of cupric glycinate near 1600 cm™ has been 
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interpreted as showing an ionic C—O™ °°" Cu** linkage within the molecule” but 
the observed Cu—O distance of 2:03 A in cupric prolinate dihydrate is certainly too 
short for this and the infra-red peak appears some 50 cm“ higher than is usual for 


ionic carboxylates. We therefore prefer to regard the carboxyl group as co-ordinated 


‘atom through one oxygen atom, the C—O stretching fundamentals 


-d to lower frequencies by the multiple hydrogen-bond systems within the 
crystal. The absorption spectra of these compounds in this region fall into two 


distinct groups 
(1) those of the anhydrous compounds, characterized by a strong peak at 1610 
with a weaker peak on the low frequency side near 1570 cm~!. This pattern 
-d exactly for all those compounds which appear from the visible region 
absorption to have structures of the copper(II) z-amino-n-butyrate type, and is only 


1 in copper(II) «%-amino-iso-butyrate and _ cyclopentane-] :amino- 
[his pattern thus corresponds to carbonyl environments almost 


he two carboxyl oxygen atoms, each being hydrogen-bonded to one 


1D. N. Sen, J. Amer. Chem. Soc. 77, 221 (1955). 
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amino hydrogen atom and inter- or intra-molecularly co-ordinated to one copper 
atom: 
Cu Cu’ 


N 
(XI) (X11) 


(2) those of the hydrated compounds, characterized by a broad, strong absorption 
near 1600cm™! with a weaker peak on the high frequency side near 1670 cm~', 
corresponding to the carboxyl environments: 


Cu 


H H 


(XII) (XIV) 


in which the outstanding feature is the formation of two hydrogen bonds by the C=O 
oxygen atom, which may be either both derived from water molecules or one from a 
water molecule and one from an amino group. It thus seems possible that we may 
assign the three main absorption peaks in the 6 region as follows: 


near 1570 cm7! as in XII 
near 1600 cm7! as in XIII 


near 1670 cm~! as in XIV 


DISCUSSION 
The copper(Il) «-amino-acid chelates which we have examined fall into three 
classes, each with characteristic features in the infra-red and visible region absorption 
spectra. 

(1) Those crystallizing from water as hydrates, shown by infra-red spectra to have 
hydrogen-bond systems and carboxyl environments similar to those in copper(II) 
prolinate dihydrate; the visible region absorption spectra are similar to those of 
aqueous solutions and of solid copper(II) prolinate dihydrate (though the z-alaninate 
monohydrate appears to be exceptional), and we conclude that the copper(II) ion has 
two amino-acid residues co-ordinated in the molecular plane and two water molecules 
more weakly co-ordinated in the axis normal to this plane; in addition each molecule 
is held in position in the lattice by six intermolecular hydrogen-bonds. Dissolution of 
these compounds in water thus involves only the replacement of these hydrogen-bonds 


by comparable solvent-solute linkages and can be expected to occur readily. 
(2) Those which crystallize or are precipitated anhydrous from aqueous solutions, 
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shown by close similarity of infra-red and visible region absorption spectra to have 


crystal structures similar to that of copper(IL) «-amino-n-butyrate. In this structure 


each molecule forms four intermolecular N—H - - - O hydrogen-bonds and the lattice 
by co-ordination of the non-bonding pairs of the C—O group to the 
atoms of neighbouring molecules, carbonyl oxygen atoms occupying the fifth 

th co-ordination positions of the copper atoms. 
Dissolution of such structures in water involves not only the replacement of the 
nolecular hydrogen-bond system by solvent-solute linkages, but also the replace- 
the intermolecular C—O---+Cu bonds by H,O--:Cu bonds, which are 


lifficult to form when the amino-acid side chain is long enough to interfere with the 
iccessibility of the copper atom. The main reason for the low solubility of these 
substances thus appears as the strength of the intermolecular C—O --- Cu bonds, 
mbined with a lowering of the free energy of hydration due to interference by the 

; cl ains 
rhe hydrated 2:substituted cyclohexane-|:amino-|:carboxylates present some 
features from each of these first two types: thus, the pattern of the infra-red spectra 
corresponds to that of the simple hydrated compounds such as the glycinate; the 
visible-region absorption of the solids on the other hand consists of a very broad band 


ith maximum extinction in the range 590-610 my and there is significant absorption 


} 
C Cdl 


> near ultra-violet as with the simple anhydrous compounds having the copper(II) 
,-amino-n-butyrate structure. The low solubility of these compounds further suggests 
the presence of intermolecular C—O --- Cu linkages, but with the hydrogen bond 
modified so as to accommodate the additional water molecules in suitable 

the lattice. The appearance of the absorption maxima at slightly longer 

engths than is observed for the simple anhydrous compounds, however, may 
te that some other type of structure is adopted, for example crystallization with 
molecules in pairs, so that each copper atom has six-co-ordination completed by 


molecule and one carbonyl oxygen atom of the other molecule (XV). 


VALLE TILIA 


OH> 


XV 


(3) Anhydrous copper(II) «-amino-iso-butyrate and cyclopentane-1! :amino- 
carboxylate have crystal structures different from those of the x-amino-n-butyrate 
type; from the visible region absorption spectra it seems that the main difference is 
probably the absence of intermolecular C—O --- Cu co-ordination, the copper(II) 
ion being truly four-co-ordinate. In this case the only forces holding the crystal 
together are the intermolecular N—H ---O bonds, similar in type and number to 


t 
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those of the copper(II) z-amino-n-butyrate structure. The process of solution involves 
replacing these by only slightly weaker solvent-solute hydrogen-bonds, but (as shown 
by the absorption of aqueous solutions) the copper(II) ion is simultaneously hydrated. 
he liberated hydration energy can be expected to make these compounds even more 
soluble than those which crystallize as hydrates, such as the glycinate, as is indeed 
observed; the high solubility of these two compounds can thus be taken as further 
evidence in support of the four co-ordinate structure proposed. 

This raises the question of why these two, highly soluble, compounds should 
crystallize in this remarkable anhydrous structure in preference to the x-amino-n- 
butyrate structure or as hydrates. While there is no self-evident explanation, we may 
note that copper(II) ~-amino-iso-butyrate and cyc/opentane-|:amino-| :carboxylate 
(in which the cyclopentane ring may be taken as virtually planar) are very similar 
sterically, and that the addition of one more carbon atom to the side chain of either 
causes a change to one of the other structures, so that it may be an accident of molecu- 
lar geometry which allows a higher crystal lattice energy to occur in this unusual 
structure than in any alternative. It would thus be of particular interest to observe 
whether the copper(II) salts of cyclopropane-1:amino-1:carboxylic acid and the 
corresponding cyclobutane compound also crystallized in this form. 

Despite the support given by the solubility data of Table | to our original explana- 
tion of the varying solubility of these compounds, it now appears that this is not the 
main factor responsible. Solubility differences are due mainly to changes of crystal 
structure, the most soluble species probably having structures in which the cupric ion 
is four co-ordinate, the crystal lattice energy being due solely to intermolecular 
hydrogen-bonds. The low solubility of copper(II) «-amino-n-butyrate and higher 


homologues is due to the further contribution to the lattice energy of intermolecular 
C—O-:--Cu bonding; increasing length of the amino-acid side chains probably 
increases the difficulty of replacing this intermolecular secondary co-ordination by 
solvent-solute hydrogen bonds, thus leading to still lower solubility. 


EXPERIMENTAI 


| Preparation of ¢ yelic L-GMUINO al ids 

1-Aminocyclopentanecarboxylic acid was prepared from cyclopentanone by the Strecker synthesis, 
and had m.p. 330-333° (decomp) Connors and Ross‘) reported m.p. 328-329. 

1-Aminocyclohexanecarboxylic acid was similarly prepared from cyclohexanone and had m.p 
320-325 °(decomp.). CONNors and Ross gave m.p. 330-340° (Found:* 58:2; H, 9-0; N, 98 Calc 
for C.H,,NO,: C, 58-7; H, 9-15; N, 9S). 

1-Amino-trans-2-methylcyclohexanecarboxylic acid was prepared from 2-methylcyclohexane 
through the spiro-hydantoin by the Bucherer hydantoin sy nthesis using the method of CONNors and 
Ross'"’. The assignment of the configuration has been explained elsewhere'” 

-Amino-trans-2-ethylcyclohexanecarboxylic acid and _ 1-amino-trans-2-n-propylcyclohexane- 
carboxylic acid were also prepared by the hydantoin synthesis from the corresponding ketones. 


Their analysis has been reported elsewhere.‘ 


Preparation of copper(II) amino-acid chelates 
Aqueous solutions of the sodium salts of the x-amino-acids were prepared from exactly equivalent 
quantities of the free amino-acids and sodium bicarbonate and added to aqueous solutions of the 


* Analysis by Drs. WeYLeR and Strauss, Oxford 

T. A. Connors and W. C. J. Ross, J. Chem. Soc. 2119. (1960) 
12)... Munpbay, J. Chem. Soc., 4372 (1961) 

L. Munpay, Chem. Industr., 1057 (1960). 
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equivalent quantity of copper(II) sulphate. The precipitated copper(II) chelates were recrystallized 

from water where possible (all except the leucinate, norleucinate and «-amino-n-octoate). Com- 

positions of the copper(II) compounds of familiar amino-acids were checked by volumetric analysis 

per content by the iodine/thiosulphate method; copper compounds of the cyclic amino-acids 
carbon, hydrogen and nitrogen*. Results are shown below. 


Or 


Cu found Cu required 
Hydrate Formula (°/) (°/) 


1H,O »H,,O0;N.Cu 
1H,O H,,O;N.Cu 
O «H,,O,;N.Cu 
O H,,O,N.Cu 
2>H.4O,N.Cu 

H,.0,N.Cu 

H,,O,N.Cu 

H.,,O,N.Cu 

1H,,0,N.Cu 


Copper(II1) compound 
PI 


Found 


imino-| 


carboxylate-H,O Found 
sH,,O;N.Cu requires 
ethyl-cyclohexane 

ino-1 :carboxylate-3H,O Found 
C,,.H,,0.N.¢ 


u requires 


Ore 


iumino-| :carboxylate-4H,O Found 

H,,O,N.Cu requires 
Prolinate-2H,O 

C,,H.,O,N.Cu requires 


Found 





iltra-violet absorption spectra in aqueous solution were obtained on a Unicam SP 500 


he solid compounds were obtained on a Cary model 11 recording 


tometer as nujol mulls spread on a rock salt diffusing disk and examined by transmitted 
1g a matched diffusir 


‘ter; those ol 


1g disc in the reference beam, according to the method of Harris et al.'"4 
were Obtained on nujol mulls on a double beam spectrometer using a Perkin Elmer 


1romator 


lsement—We are 


grateful to Mr. I. H. Reece of the University of New South Wales for 
> Various spectra of solid samples. 


yses by Dr. E. CHALLEN of the University of New South Wales. 


Harris, S. E. Livincstone and I. H. Reece, J. Chem. Soc. 1505 (1959). 
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PREPARATION AND THERMAL STABILITIES OF 
SOME METAL CHELATE POLYMERS OF 
NAPHTHAZARIN*?t 


R. S. Botter and P. L. GerAct 


Department of Chemistry, University of Notre Dame, Notre Dame, Indiana 
(Received 22 June 1961; in revised form 27 July 1961) 


Abstract— Metal chelate polymers have been prepared from naphthazarin and the divalent metal ions 
cobalt, nickel, zinc, copper and beryllium. The chelates are fine deliquescent powders which are 
insoluble in a wide variety of polar and non-polar solvents. The metal to ligand ratio is one to one for 
all chelates, except for the copper chelate which has a ratio of three to four. The cobalt, nickel and 
zinc chelates are hydrates, while the copper and beryllium chelates are not. Thermal stabilities of 
the chelates were determined using a manually-operated thermobalance, which was constructed from 
readily available equipment. The order of thermal stability of the chelates based on procedural 
decomposition temperatures is: Be Ni Zn Co > Cu. Static heating showed the beryllium 
and nickel chelates to be stable up to 316 C. An attempt is made to account for the observed order 
of stability. Several unsuccessful attempts were made to prepare a beryllium—naphthazarin (1:2) 


complex and also a platinum(I1) naphthazarin complex. 


NAPHTHAZARIN (5,8-dihydroxy-1,4-naphthoquinone) is a polyfunctional ligand which 
is capable of forming polymers by coordination with metal ions. Polymers with 
cobalt and beryllium™ have been reported but have not been studied extensively. 
Their preparation has been repeated and also other polymers with nickel, zinc and 


copper have been prepared. The compositions, thermal stabilities and infra-red 


spectra of the chelates have been investigated. 


EXPERIMENTAL 


Chemicals. All chemicals were reagent grade. Common organic solvents, commercially available, 
were used without further purification. Crude naphthazarin was obtained from the Aldrich Chemical 
Company, Milwaukee, Wisconsin and was purified by extraction and recrystallization using skelly- 
solve E, b.p., 100-120°C., as a solvent. 

Preparation of cobalt—, copper—, nickel-, zinc-naphthazarin complexes. Solutions containing 1-0 g 
of cobalt acetate dihydrate or 2:0 g of either copper sulphate pentahydrate, copper nitrate trihydrate, 
nickel acetate tetrahydrate, or zinc acetate dihydrate in 50 ml of warm distilled water were added to 
hot solutions of 0-5 g naphthazarin in 50 ml of 95 per cent ethanol. The mixtures were heated to 
boiling, stirred for several minutes, and then cooled to room temperature. The precipitates were 
collected by centrifugation and washed several times with water, then with ethanol, and finally with 
boiling acetone. They were transferred to fritted glass filtering crucibles with warm acetone and air 
dried. The yields ranged from 0-5 to 0-7 g. 

Preparation of beryllium-naphthazarin (1:1) complex. The procedure was essentially that of 
UNpERWOoD ef a/.'*) A solution containing approximately 1-0 g of beryllium sulphate tetrahydrate in 
25 ml of distilled water was added to a solution of approximately 1-0 g of naphthazarin in 300 ml of 95 
per cent ethanol. Sodium hydroxide solution (0-2 N) was added until the red colour of the metal ion 
ligand mixture turned to the purple colour of the complex. The solution was diluted with distilled 


* Presented at the 139th American Chemical Society Meeting at St. Louis, Missouri, March, 1961. 

+ Taken in part from a thesis submitted by P. L. G. to the Graduate School of the University of Notre 
Dame in partial fulfillment of the requirements for the degree of Doctor of Philosophy. 
1) R. H. BaiLes and M. CALvin, J. Amer. Chem. Soc. 69, 1892 (1947). 
2) A. L. UNpDERWooD, T. Y. TORIBARA, and W. F. NEUMANN, J. Amer. Chem. Soc. 72, 5597 (1950). 
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were insoluble ir 


GERACI 


Che precipitate which for 


med was collected by centri- 
ied, then washed several times each with ethanol 


1 Abderhalden drying apparatus. The yield 


aphthazarin (1:2) complex. Repeated attempts to prepare 
ns of UNDERWOOD et al were unsuccessful 
11)—-naphthazarin complex. Several attempts were made to 
id platinum(I1) by slowly adding an alcoholic solution of naph- 
)f potassium platinum(I1) chloride. When heated on a steam-bath, 
*-red to orange-brown and became very viscous. Cooling the mixture 
was soluble in acetone and in benzene. Attempts to isolate a pure 
ymy material from acetone were unsuccessful 
nalyses were performed by the Midwest Microlab, Indianapolis, 
alysis, except for beryllium, were prepared by digesting 0-1-0 2 2 of the 
concentrated sulphuric acid and 3 ml of concentrated nitric acid 
ically using dimethylglyoxime. Zinc was determined gravimetrically 
opper and cobalt were determined by electrogravimetry. Beryllium 


hy 
t 


the complex to beryllium oxide 


All infra-red absorption spectra measurements were made with a 
photometer, Model 21, equipped with sodium chloride optics. Samples 
um bromide disk method. Infra-red spectra were obtained on samples 
r the heating process. Ordinarily, about 0-5 mg of sample 
1 good spectrum of the particular complex. Larger weights of about | mg were 


table spectra of samples which had undergone thermal decomposition 


rmogravimetric analysis of naphthazarin and the 
complexes, ple, manually-operated thermobalance was constructed from 
tus and materials. The balance used was an ordinary analytical balance. The 
linders, had a temperature range from room temperature to 
rnace was controlled by a Temco input controller, model 
of heating was nearly linear, averaging 4-5 C per min Temperature 
iple chamber were made with a Leeds and Northrup double-range potentiom- 
iron—constantan thermocouple 
ith dry nitrogen for approximately 30 min before starting arun. After a 


nace, the rate ¢ 


of flow of nitrogen was adjusted so it would not disturb the 


ils with support loops made from nichrome wire were used as sample containers 


led in the sample chamber using a nichrome wire chain. Static heating tests showed 
1 be heated to 45( 


) C without showing any loss in weight; higher temperatures were 


t 


of the furnace temperature on balance readings using two empty sample vials 


ndicated that the balance readings were not affected up to 220’'C. Above 220°C, 


apparent continuous loss in weight amounting to 1-7 mg at 450°C. A calibration curve 
Ss versus temperature was prepared from the two determinations, and all subsequent data 
: ng this curve. After each run, as a check on the final weight loss readings on the 
e samples were cooled in a desiccator and weighed on a chainomatic balance. In 
welg 


hts were within 0-2 mg of the corrected weight loss as determined by the thermo- 


nograms were obtained using approximately 50 mg of the compound which had been air 


The copper and beryllium complexes were dried for an additional 2 hr under 
at 60 ¢ 


Duplicate runs were made for each complex. 


RESULTS AND DISCUSSION 


Physical properties. All of the complexes prepared from naphthazarin were similar 


physical form in that they were all fine powders, purple to deep-blue in colour. They 


1 a wide variety of polar and non-polar solvents including: water, 





Preparation and thermal stabilities of some metal chelate polymers of naphthazarin 247 


acetone, methanol, ethanol, benzene, ether, dioxane, dimethylformamide and tetra- 
hydrofuran. None of the complexes sublimed on heating. Estimation of the chain 
length was not possible because the insolubility of the complexes prevented the 
determination of molecular weights by the usual cryoscopic and viscosity measurements. 

Composition. A study of the infra-red spectra and the thermal behaviour of the 
complexes indicated that the cobalt, nickel and zinc complexes contained water as 
part of the co-ordination sphere, whereas the copper and beryllium complexes did not. 

All the complexes were somewhat difficult to analyse because constant weight 
could not easily be obtained. Samples dried in vacuum had a tendency to pick up 
moisture if exposed to the air, particularly the cobalt and zinc complexes. The nickel 
complex appeared to be the most stable in this respect. It could be exposed to the air 
for some time without any significant increase in weight. Samples containing water as 
part of the co-ordination sphere also contained some adsorbed water which was not 
removed by air drying. Drying in vacuum removed the adsorbed water and part of 
the coordinated water so that constant weight was extremely difficult to obtain. As a 
result, the samples were air dried and submitted for carbon and hydrogen analyses. 
Metal analyses were performed on portions of the same samples. 

All of the data in Table 1, except for zinc, was corrected for adsorbed water. In so 
doing, it was assumed that the difference between the calculated value based on the 
formation of a 1:1 polymer of infinite length for all complexes, “except copper, for 
which a ratio of 3:4 was used,” and the experimental value was the result of adsorbed 
water. This assumption was based on observations of several elemental analyses in 
which samples, shown by thermogravimetric data to contain more than the theoretical 
amount of water, gave high values for hydrogen and low values for carbon and metal. 
One sample, containing less than the theoretical amount of water, gave a low value for 
hydrogen and a high value for carbon and metal. In addition, several samples of the 
cobalt complex, dried to remove some coordinated water, gave values for cobalt in a 
range between the theoretical value for the dihydrate and that of the anhydrous complex. 

It would appear from the compositions of the metal complexes that cobalt(ID), 
nickel(II), and zinc(I1), which show a co-ordination number of six, are octahedral in 
configuration, while the copper(IL) and beryllium(II) complexes, which show a co- 
ordination number of four, are either planar or tetrahedral in configuration. An 
octahedral configuration in which naphthazarin and metal alternate to form a linear 
chain, with the water molecules occupying the remaining two trans positions, has been 
proposed for the cobalt complex.” A similar structure is proposed for the nickel 
complex. The zinc complex may also have the same structural arrangement. A 
structure in which metal and ligand alternate to form a linear polymer has been 
proposed for the beryllium complex." The configuration of the complex is probably 
tetrahedral. Of the beryllium complexes whose structures are known, the only one 
which is planar is beryllium phthalocyanine; all others are tetrahedral. Beryllium 
phthalocyanine readily forms hydrates which may be indicative of lower stability in the 
forced planar configuration. The addition of two molecules of water would allow 
octahedral co-ordination. Unlike beryllium phthalocyanine, the beryllium—naphtha- 
zarin complex was found to be only slightly hygroscopic, and it is, therefore, quite 
likely that its configuration is tetrahedral. The copper-naphthazarin complex is 


probably planar since most copper chelates are planar. The formula, three copper 


») R. P. LinsteaD and J. M. Ropertson, J. Chem. Soc. 1736 (1936). 
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atoms to four naphthazarin molecules, which has been proposed on the basis of 

elemental analysis indicates only the simplest combination of metal and ligand possible. 

rhe polymeric nature of the complex may allow for the other formulas of much higher 
ecular weights 


Dusky et a/. reported the preparation of a copper—naphthazarin salt containing 


20 per cent copper. They assigned the complex a formula of C,j)H,O,Cu . 4H,O, 


would thus account for the analysis showing 20 per cent copper. On heating at 


TABLE | COMPOSITION OF METAL—NAPHTHAZARIN CHELATES 
Calculated Experimental Corrected Carbon to metal ratio 


H,O,Co.2H.O 4 3 41-95 10-00 :0-96 


21 


H,O,Ni.2H.O j ) j 10-00 


H,O,Zn.2H,O +] -43 41-02 10-00: 1-02 
22-00 
3-06 

H,.O,Be ) 56:59 23 0-90 
4-05 
2:71 
18-90 
20-20 


57 


constant weight in thermobalance furnace at 260 ¢ 


copper or naphthazarin was used in the preparation 


however, they reported a loss in weight of only 10-75 per cent as compared to 

value of 22-26 per cent for four molecules of water. This investigation 

hown that the copper complexes studied contain 20 per cent copper and no water. 

rhe absence of water in these complexes was shown not only from the thermogravi- 

etric data, but also, from the infrared spectrum which showed no absorption due to 

free OH stretching vibrations which was present in the spectra of the other complexes 
which contained water. 

If the assumed spatial arrangements of the cobalt, nickel and zinc complexes are 
correct, it would be easy to understand why the anhydrous. zinc and cobalt complexes 
ire quite deliquescent while the nickel complex is not. Loss of water would leave the 

traco-ordinated metals in a planar configuration. Since nickel is quite stable in a 

nar configuration, it does not readily absorb moisture. Tetraco-ordinated zinc and 

however, usually have a tetrahedral structure, and would have a much lower 

than nickel in the proposed planar configuration. They, therefore, absorb 
restore the more stable octahedral configuration. 

/ properties. The thermograms for naphthazarin and the metal-naphthazarin 


nd E. WAGNER, Mikrochemie, 22, 114 (1937) 
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complexes are shown in Fig. 1. From curve A, it can be seen that naphthazarin 
decomposes in the region of 194°C. Actually considerable sublimation also occurs at 
this temperature as evidenced by the evolution of red vapours characteristic of 
naphthazarin when it sublimes. Curves B-F show that the copper and beryllium 
complexes are not hydrates, while the cobalt, zinc and nickel complexes are. The loss 


pew 














Naphthazarin 

pley 
C. Zinc-naphthazarin complex 
D. Nickel—naphthazarin complex 


Cobalt—naphthazarin cor 


E. Copper-naphthazarin complex 
F. Beryllium—naphthazarin complex 


(Weight loss vs temperature, C) 


in weight of the latter complexes due to the removal of water was: 15-5 per cent at 
272°C for the cobalt complex, 12-3 per cent at 232° for the zinc complex, and 17-1 per 
cent at 234° for the nickel complex. The theoretical loss in weight for two molecules 
of water is: 12-7 per cent for the cobalt complex, 12-4 per cent for the zinc complex 


and 12-7 per cent for the nickel complex. The high experimental values for the cobalt 


and nickel complexes are due to adsorbed water. 
Static decomposition temperatures obtained by heating a dried sample of complex 





R. S. Botter and P. L. GERACE 


at a series of fixed temperatures are given in Table 2. Only the beryllium and nickel 
complexes were stable above 316°C. Decomposition of the complex involved the slow 
nposition of the organic portion of the polymer and the formation of metal oxide. 


\f copper complex heated to constant weight at 316°C gave the calculated 


{ nne " le 
of copper oxide 


STATIC DECOMPOSITION TEMPERATURES OF 
NAPHTHAZARIN COMPLEXES 


Per cent weight loss 


Be |Cu| Ni Zn} Co 


decomposition temperatures for the anhydrous complexes are listed in 


of decreasing thermal stability is: 


DECOMPOSITION TEMPERATURES 


een > ] ip ry > 
Procedural decomposition 


Temperature ( C) 


ect: they will, however, |! 


ting 
une. 


ate ol hea 


Be n Co Cu. The relative stabilities of the zinc, cobalt, and copper- 
lexes seems reasonable since zinc has a fixed oxidation state of two while cobalt 


ILA 


pper can exhibit variable oxidation states. The variable oxidation states of 


obalt and « r give rise to catalytic effects in the decomposition of the 


comp 
and c¢ 
— 


complexes in which they are found. Martin‘? has proposed this explanation to 


t 


account for the unusual thermal stability of several bis-«-thiopicolinamido chelate 
polymers of zinc as compared with those of copper and nickel. Although nickel can 


I 


also show variable oxidation states, its complex with naphthazarin was found to be 


more stable than that of zinc. The greater stability found for the nickel complex may 


o the spatial arrangement of the polymers in which nickel would appear to be 
e in a planar configuration than zinc, if the assumed structures are correct. 


The small size of the beryllium ion and its fixed oxidation state of two would account 


. 1558 (1960) 


, 233 (1958). 
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Infra-red spectra. Infra-red absorption spectra did not give conclusive evidence 
with regard to the nature of the end-groups present in the complexes; slight absorption 
peaks, however, appearing as shoulders in the 6 uw region, where the free carbonyl 
stretching frequency of naphthazarin appears, in the spectra of the cobalt and zinc 
complexes may possibly be an indication that the ligand molecule was present as an 
end-group in these complexes. It is possible, however, that such absorption could also 
be the result of traces of unreacted naphthazarin in the sample. No evidence of free 
carbonyl absorption was found in the spectra of the other complexes. The fact that 
little, if any, absorbance due to free carbonyl was present in the spectra of the 
complexes indicated that both carbonyl groups of the naphthazarin molecule functioned 
as co-ordinating groups. The carbonyl absorption frequencies for naphthazarin and 
the metal-naphthazarin complexes are listed in Table 4. The differences between the 
carbonyl frequency in naphthazarin and in the various metal complexes are also given. 


TABLE 4.—CARBONYL ABSORPTION PEAKS 


Carbonyl Frequency 

Compound Ena ae ri, 
frequency (cm~*) shift (cm~*) 

Naphthazarin 1621 

Cobalt complex 1547 

Copper complex 1545 

Zinc complex 1551 

Nickel complex 1552 

Beryllium complex 1541 


The naphthazarin molecule has no sharp absorption peak due to OH stretching in 
the 3 ~ region because of strong intra-molecular hydrogen bonding, so that little use 
could be made of this region in determiming the function of the phenolic groups. 
Potentiometric and spectrophotometric work reported for the beryllium—naphthazarin 
system? has, however, confirmed the existence of a one to one, metal to ligand, species 
and has shown that both phenolic hydrogens were released in the formation of this 
species. The absence of pronounced absorption bands at 3 uw for the free OH 
stretching vibration in the spectra of the copper and beryllium complexes indicated that 
water was not present in these complexes. The loss of co-ordinated water during 
heating from the cobalt, nickel and zinc complexes was shown by the gradual 
disappearance of this same absorption band. 
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THE THERMAL STABILITY OF METAL AMMINES 
(AND RELATED COMPOUNDS)—IV 


SOME OBSERVATIONS ON 2,2’-I[MINODIPY RIDINE-ZINC 
COORDINATION COMPOUNDS") 


J. SIMKIN and B. P. BLock 


Pennsalt Chemicals Corporation Research and Development Department, Wyndmoor, Pa. 
(Received 24 July 1961) 


Abstract—The thermal behaviour of the three new compounds 2,2 -iminodipyridinedichlorozinc(II) 


and its cyano and acetato analogues shows that their relative thermal stability depends on the anion, 
with the order of decreasing stability chloro acetato cyano. This order is inversely related to the 
strength with which the anions bridge between zinc ions. 


IN connexion with the study of co-ordination polymers in progress in our Labora- 
tories we are interested in the thermal stability of various ligand—metal combinations. 
Previously we reported on the thermal stability of ammonia-containing species of 
chromium(III), cobalt(II), and platinum(II)"’ and some diamine complexes of 
cobalt(II)’. We now wish to present the results of the study of the effect of varying a 
second ligand on the thermal stability of a metal-diamine complex. For this purpose 
the one-to-one compounds formed by zinc(II) acetate, chloride, and cyanide with 
2,2'-iminodipyridine have been investigated. The compounds studied are new. 


EXPERIMENTAL 


Compounds. The one-to-one adducts of 2,2’-iminodipyridine with zinc(II) acetate, chloride, and 
cyanide were made by the reactions of one-to-one molar ratios of the ligand and the zinc salts in 
methanol, acetone, and pyridine, respectively. Detailed descriptions of these reactions will appear 
4 


elsewhere. In Table 1 are summarized the analytical data on the compounds used. All three products 


TABLE 1.—ANALYSES OF Zn {NH(C;H,N).} X. 





yA & As ON yea 


Exp. Calc. Exp. Calc. Exp. alc. Exp. Calc Exp. Calc. 
CH,COO 18-4 18-43 47-7 47°41 4°] . 11-8 11-85 


Cl 21:2 21-26 39-1 39-06 3-0 95 13-9 13-67 
CN 22-9 22:65 49-4 49-94 3-0 : 24:1 24-27 





are colourless solids soluble in coordinating solvents such as N,N-dimethylformamide, N,N-dimethyl- 
acetamide, and pyridine but insoluble in carbon tetrachloride, acetone, ether, benzene and toluene 
The acetato derivative is soluble in water, methanol and ethanol. The chloro derivative is sparingly 
soluble in boiling water and insoluble in methanol and ethanol, while the cyano derivative is somewhat 
soluble in boiling ethanol and methanol and insoluble in water. 


1) Part III. B. P. Block, E. S. Rotu and J. SImMKIN, J. Jnorg. Nucl. Chem. 16, 48 (i960). 
2) N. D. PescuKko and B. P. BLock, J. Jnorg. Nucl. Chem. 15, 71 (1960). 

(8) L. R. Ocone, J. R. SOULEN and B. P. BLock, J. Jnorg. Nucl. Chem. 15, 76 (1960). 
4) J. SIMKIN and B. P. BLock, /norganic Syntheses. Submitted. 
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mogravimetric curves reproduced in Fig. 1 were determined on a 


)r use in a nitrogen atmosphere,'*’ with the temperature con- 


tion products of the cyano derivative, 0-8 gina porcelain boat 


trogen stream in a Pyrex tube held between 190 and 200°C bv a 








300 3 500 
TEMPERATURE, Cc 
Fic. | Thermogravimetric curves 
NH(C;H,N),} (CN), indicated by A 
NH(C,;H,N),} Cl, indicated by B 
NH(C;H,N),} (C,H,O,), indicated by ¢ 


rhe volatile fraction was shown by infra-red spectrum and a melting point of 98°C 
) to be 2,2’-iminodipyridine; the residue gave the X-ray powder pattern of Zn(CN), 
loss found was 55-4 per cent compared to the 2,2’-iminodipyridine content of 59-32 per cent 


The chloro derivative was also heated in a tube furnace under nitrogen, but up to temperatures of 


nd 500 C in separate runs. The total Zn content of the black residue, in each case, was less than 


nt of zinc initially present, and the zinc-to-nitrogen ratio had changed from 1 :3 to 1:1 during 


EN and I. MOCKRIN, Analyt. Chem. 33, 1909 (1961). 
BABIN and V. A. PREOBRAZHENSKI, Ber. Dtsch. Chem. Ges. 61, 199 (1928). 
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the 4 hr it took to go from 150 to 500'C. There was excess carbon in the residue over that needed for 
the nitrogen to be present as 2,2’-iminodipyridine. A sublimate recovered from the 400° treatment 
was identified by X-ray pattern as Zn {NH(C;H,N),}Cl. 

For study of the volatile thermal decomposition products of the acetato derivative a closed-system 
thermobalance was used. The apparatus of CAMPBELL and GorDON'”? was modified by the addition of 
an entrance port for the introduction of gases into the chamber below the sample crucible. Nitrogen 
was used to provide an inert atmosphere and to sweep the volatile decomposition products into a 
system of cold traps maintained at liquid nitrogen temperatures. Acetic acid was the first substance 
collected in the traps, followed by 2,2’-iminodipyridine. No other products condensed in the traps 
although a little Zn containing material was detected in the line between the traps and the reactor. 


T 


T 
| 
| 


Equivalent conductivity of zinc salts in aqueous solution. Zn {NH(C;H,N).} (C,H,0,). 
indicated by open circles and Zn(C,H,0O,). by closed circles. 
’ of aqueous solutions of diacetato(2,2’- 


Conductivity measurements. The conductivity at 25 € 
In 


iminodipyridine)zinc(I1) was measured in a Leeds and Northup Type 4918 Conductivity Cell. 
Fig. 2 the data collected are plotted along with published values for zinc(II) acetate.'* 

Jon exchange studies. A solution of 1-1326 g of Zn{NH(C;H,N).}(OOCCHs). in 100 ml of de- 
mineralized water was passed through a 32 cm long column of 1 cm diameter containing Amberlite 
IRA 400. The column was then washed with demineralized water until the effluent was chloride free. 
rhe total effluent contained no acetate, 0-179 g of Zn and 0-192 g of Cl. The residue from a portion 
evaporated to dryness was identified as Zn{NH(C;H,N).)Cl, by its infra-red spectrum. Spectro- 


graphic examination of the resin showed that no zinc was retained. 
DISCUSSION 


There is a marked difference in the temperature at which weight loss begins with 
each substance studied, i.e., 370°C for the chloro, 216°C for the acetato, and 160°C for 


the cyano derivatives. The first volatile product noted from the cyano and chloro 
In the case of the acetato derivative the first 


derivatives was an alkaline vapour. 
gaseous product was weakly acidic, followed by basic vapours. Subsequent furnace 
and vacuum thermobalance runs led to the isolation of 2,2’-iminodipyridine from the 
cyano and acetato derivatives, suggesting that 2,2’-iminodipyridine is a major product 
of the decompositions. The residue from the cyano derivative, which was 44-6 per cent 
of the original weight, agrees well with the Zn(CN), content of 40-7 per cent, the 
22-7 per cent residue from the acetato derivative with 22-9 per cent calculated for ZnO. 

C. CAMPBELL and S. Gorpon, Pittsburgh Conference on Analytical Chemistry and Applied Spectroscopy, 


March, 1957, described in S. GORDON and C. CAMPBELL, Analyt. Chem. 32, 275R and 276R (1960). 
8) E. W. WASHBURN, Editor, International Critical Tables Vol. 6, p. 244. McGraw-Hill, New York, (1926). 
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The X-ray patterns of the residues corresponded to Zn(CN), and ZnO, respectively. 
rhe chloro derivative, however, yielded a residue which is a mixture a substances—zinc 
le, 2,2'-iminodipyridine, and decomposition products of 2,2’-iminodipyridine 
ling carbon. 
is thus apparent that the decomposition process is dependent on the anion in the 


(9,10) showing 


und. This is in accord with earlier investigations of zinc ammines 
“neth with which the ammonia is held varies with the anion. In the 
under consideration three different effects are noted. With the cyano 
iB. ¢. zr 


> there is simple thermal dissociation into Zn(CN), anc -iminodipyridine 


vely low temperature. At the higher temperature required for the disruption 

‘tato derivative the 2,2’-iminodipyridine is still recovered as such but the zinc 

| obtained is ZnO, so that the acetate has decomposed. Zinc acetate itself 

reported to enya at 150°C." The decomposition of the chloro 

ive is still more complicated. Its decomposition temperature is sufficiently high 

-iminodipyridine partially decomposes and ZnCl, sublimes to some extent. 
uently, zinc and chlorine are found both in the residue and in the sublimate. 


n this series the relative order of thermal stability appears to be inversely related to 


the bridging ability of the anion. Zinc(II) cyanide is a stable compound with cyanide 
bridging between zinc atoms.!2) Zine(II) chloride has a similar structure with chloride 
bridging,”* but the bridges are easily ruptured. The structure of anhydrous zinc(II) 
acetate does not seem to have been determined, but the acetate ions serve as bridging 
groups in Zns;O (OOCCHS),,"" and it is probable that such bridges are stronger than 
chloro but weaker than cyano bridges. The 2,2'-iminodipyridine is, therefore, most 
easily lost from the cyano a ivative because the zinc-containing product formed, zinc 
contains the strongest bonds between zinc atoms and is lost with great diffi- 
from the chloro derivative because the zinc atoms are least strongly bridged by 
chloride ions. In other words the ability of a —Zn—CN unit to displace 2,2’-imino- 
dipyridine is greater than that of a —-Zn—OC(CH,)O unit which in turn is greater than 
that of a —Zn C1 unit. 


rhe structure of these 1:1 derivatives of Zn compounds and 2,2’ 


-iminodipyridine 

not known. The two most reasonable hypotheses are that the substance is composed 

[Zn{ NH(C5H,N).}X,] molecules or of ionic [Zn{NH(C;H,N)s}.)[ZnX,] pairs. 

> conductivity of the acetato derivative in water is of the same order of magnitude 

that of zinc(II) acetate and suggests that the acetate bonds are easily ruptured in the 

[he ion exchange experiments lead to the same conclusion, and one cannot 

the structure from either experiment since complete degradation of either 

suggested structure could explain the observed results. We have written the structures 

is [Zn}| NH(C5H,N).}X,] in conformity with current usage and with our failure to find 
ZnX,°~ in solutions of the acetato derivative. 

We are indebted to the Office of Naval Research for partial support of our studies 

rues for valuable assistance with parts of the experimental work, in particular Drs 

nd J. R. SOULEN and Mr. A. J. HAMILTON. The analytical results were supplied by 


Chem. Ges. 48, 638 (1915). 
1org. Chem. 227, 129 (1936) 
{norg. Chem. 301, 267 (1959). 
1d é R.S.S. 31, 352 (1941). 
Vineral. 38, 198 (1960); H. R. OswaLpand H. JAGG!, Helv. Chim. Acta 43,72(1960). 
Saito, Bu 1em. Soc. Japan 27, 112 (1954) 
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SOME STUDIES ON ANTIMONIC ACID-I 


SOME PROPERTIES, EFFECT OF H,0O,, AND REACTION WITH 
POLYHYDROXY COMPOUNDS 


S. H. GATE and E. RICHARDSON 
Department of Chemistry, College of Further Education, Whitehaven, Cumberland 


(Received 13 April 1961; in revised form 26 June 1961) 


Abstract—The preparation by ion-exchange of a soluble polymerized antimonic acid is described, at 
concentrations up to 0°02 M. On ageing, an insoluble form is obtained. Conductometric and 
potentiometric titrations of the acid itself and in the presence of mannitol show that various polymeric 
species exist and this is supported by absorption spectra. Hydrogen peroxide has little depolymerizing 
effect. Polyhydroxy compounds form a series of complexes which are much stronger acids. 


STUDIES on the nature of antimonic acid have generally been made by acidification of 
a dilute solution of potassium antimonate since antimonic oxide is only sparingly 
soluble. 

Studies on the variation of Sb,O; solubility with pH, by TouRKy and WAKKaD," 
indicate an isoelectric point in the range 1-05-2-0 N HCI above which Sb’ exists only 
as a meta-acid. At high pH values the ion (Sb(OH),)~ has been demonstrated in anti- 
monate solution by dialysis, ultra-violet absorption spectra,’ and cryoscopic 
methods. In acid solution it is claimed by Ricca, et a/.'°) that aggregation occurs to 
form (HSb,O,)-, and at lower pH values, (HSb,O,,)*~. 

Studies on similar acids with insoluble oxides‘*” have been successfully carried 
out on the meta-stable acid formed by ion-exchange, and it was thought of value to 
examine antimonic acid prepared in this way. The effect of hydrogen peroxide, which 


is known to cause depolymerization of other poly-acids,“” has also been studied. 

Complex formation between aliphatic polyhydroxy compounds and many in- 
organic acids has been extensively studied, but little is known of their effect on antimonic 
acid. The effect of orthohydroxy phenols and other organic hydroxy compounds on 
the conductance of antimonious acid is, however, referred to in the literature. 


EXPERIMENTAL 


Potassium antimonate solution. This solution 0-02 M, was made by heating KSb(OH),°3H,O to 
80-90°C in distilled water and cooling; stock solutions remain stable. 

Ion-exchange. A 10 g column of ZeoKarb 225 was activated with 2 N NaOH, then 2 N HCl, and 
washed free from excess acid. The cycle was repeated and the column finally washed until the emerging 
liquid had a conductance less than 5 « mhos. 

Preparation of acid. This was carried out as required by dropwise (2 drops per sec) elution of the 
potassium antimonate solution, the first half bed-volume being discarded. 


1) A. R. Tourky and S. E. S. WAKKAD, J. Chem. Soc. 740 (1948). 
*) H. BRINTZINGER, Z. Anorg. Chem. 256, 98 (1948). 
>) P. SoucHAy and D. PeRSCHANSKI, Bull. Soc. Chim. France 439 (1948). 
4) B. Ricca, G. D’Amore and A. BELLOomo, Ann. Chim. (Rome) 46, 483 (1956) 
5) B. Ricca, G. D’Amore and A. BELLomo, Ann. Chim. (Rome) 46, 491 (1956). 
6) E. RicHARDSON, J. Inorg. Nucl. Chem. 9, 273 (1959). 
E. RICHARDSON, J. Inorg. Nucl. Chem. 13, 84 (1960). 
8) E. RICHARDSON, J. Less Common Metals 2, 360 (1960). 
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JOHNSON and NEWMAN’? describe a method in which the antimonate 
odine in 50°, HCI and the antimonite titrated against N/10 iodine. 
nown samples and was adopted throughout. By standardizing pre- 
was consistently 0-0192 M (w.r.t.Sb) 

neasurements were made using a Pye conductance bridge operating 


lip-type cell of constant 1-46. All pH measurements were made 


ince I 
ad 


a 


rations of antimonic acid with N/10 NaOH 
for 10 ml 0-:0192 M antimonic acid 10m 
ml M/10 H,O, (©) 
for 10 m1 0-0192 M antimonic ¢ 
10 ml! water 
values, solutions as for 
meter with a glass—calomel electrode system calibrated by buffer solutions 
standards. All measurements were made at 20°C unless otherwise specified 
$ cm quartz cells. 


ymetric measurements were made on a Hilger | vispek using 


Hydrogen peroxide, pure, unstabilized, was standardized by titration against N/10 


acid (H SO,) s 


vdroxy-compoun analytical quality 


RESULTS AND DISCUSSION 
Properties of antimonic acid prepared by ion exchange 


[The eluate from the column was colourless and apparently clear at concentrations 


Lit 


up to 0:02 M. Attempts to prepare 0-05 M solutions led to precipitation within the 


E. A. JOHNSON and E. J. NEWMAN, Analyst, 80, 631 (1955). 
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column. The 0-02 M solution became opalescent after two days but separation of solid 
did not occur even after several months. Evaporation at room temperature produced 


a vitreous solid exhibiting conchoidal fracture. 

[he results in Fig. 1 indicate an average formula of (H,Sb,O},),, for the 0-01 M acid 
n solution since the conductance curves extrapolate to an Na: Sb ratio of 1-32: 1-92. 
[he acid content is certainly higher than the H:2Sb suggested by RICCA ef al. for 


(HSb,O,)~ and (HSb,O,,)*~ in acidified antimonate of similar concentration. 





Optical density measurements. 
0:0192 M antimonic acid (water blank) 
10 ml 0-0192 M antimonic acid 10 ml water (water blank) 
20 ml 0-0192 M antimonic acid 0-5 g tartaric (blank: 20 ml H,O 0-5 
1 ml 0-0192 M antimonic acid 19 ml water (water blank) 
20 ml 0-0192 M antimonic acid 0-5 g mannitol (blank 20 ml H,O 0-5 
1annitol) 


Lack of sharpness in the conductance curves, and the differing end-points obtained 


h\ 


y the two techniques, is best interpreted in terms of continuous equilibria among 
various polymeric species. The flat initial part of the conductometric titration curve 


ged material and the general reduction of conductance suggests that further 


1 
ror tne a 
Liv ae 


polymerization has occurred on ageing, but that breakdown occurs reasonably readily 
on addition of alkali. 

In 0-001 M antimonic acid or in 0-01 M acid with excess mannitol, the predominant 
species appears to be H,[Sb(OH),],,. In Fig. 2(a) and (b) both techniques give the 
same sharp endpoint at an Na: Sb ratio of 11:9-6, but variation in the end points of 
other poly-acids from a simple ratio has been found by CANNON”) and others to be 


caused by hydrolysis and activity effects. Mannitol presumably both increases the 
acid strength and causes depolymerization. Antimonic acid prepared by ion exchange 
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is extremely sensitive to the presence of electrolyte and addition of KCI in an attempt 
to maintain constant ionic strength during the potentiometric titrations produced an 
immediate turbidity even in dilute solution. 

Progressive acidification of molybdate, 
causes a shift of the absorption edge from the ultra-violet to the visible region of the 
spectrum. This shift is believed by most authors to correspond to an increase in the 
degree of aggregation of the isopoly acid. In the present study the absorption edge of 


°) tungstate™ and tellurate"” solutions 








a 


/ 








0:05 


0:0096 M Sb acid 


Mo arity ot organic n 


Fic. 4.—The relative complexing strengths of alcohols and sugars with antimonic acid. 


Curve 1: mannitol (<>); curve 2: erythritol (x); curve 3: inositol (CQ), curve 4: sucrose (+-); 


curve 5: glycerol (A); curve 6: glucose ((_)). 
the antimonic acid occurs between 2,700 and 2,800 A in 0-019 M solution, and dilution 
to 0-001 M causes a shift to 2,000-2,200 A. A similar shift occurs on addition of man- 
nitol (Fig. 3). Depolymerization presumably occurs readily on dilution or on addition 
of complexing material. Dilution of tungstic acid produces much less marked results 
but telluric acid exhibits similar behaviour in the same spectral region. 


2. Effect of hydrogen peroxide 

Hydrogen peroxide is known to cause depolymerization of tungsti¢ and molybdic 
acids.“*) KAKABADSE and DewsnaP!”) claim that aggregation in silicate solutions is 
reduced in the presence of hydrogen peroxide. Its effect on the titration (Fig. 1.) or 
ageing of antimonic acid, however, is only slight. Addition of hydrogen peroxide to 
potassium antimonate before elution has no effect on the product. 
10) P. CANNON, J. Inorg. Nucl. Chem. 9, 562 (1959). 


11) [). A. Everest and W. J. Popeit, J. Inorg. Nucl. Chem. 6, 153 (1958) 
!2) G. KAKABADSE and J. W. Dewsnap, Nature, Lond. 185, 761 (1960) 
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f polyhydroxy compounds 
‘fect of various polyhydroxy compounds on the conductance and pH of anti- 
cid is shown in Fig. 4. Solutions were also prepared using the method of con- 

riation:"®) no definite maxima or minima were obtained in either the 
pH curves but it is clear that all of the polyhydroxy compounds 


or 


ited considerably influence the acidity of the solution. 


< y 


t is not possible therefore to deduce the empirical formulae of the complexes pro- 


Similar data on boric acid™4-) and telluric acid“® has been 


rom these results. 
in terms of complexes formed by interaction of cis-hydroxy groups with 


OXY ac id 


R 


OH 
B(OH), —> 
OH 


produced by reactions (A) are 


1 
I 


lexes of the type 


ire also formed 

Molybdic acid in contrast yields a single strong complex with mannitol and ery- 

It is clear that among the linear alcohols hexahydroxy mannitol has a much greater 
effect on antimonic acid than either erythritol or glycerol. Cyclic hexahydroxy inositol 
is intermediate in behaviour between glycerol and erythritol. The effect of sugar 
hydroxyl groups is less pronounced. A considerable stoicheiometric excess of all poly- 
hydroxy compounds must be added, however, to prevent aggregation occurring. In 
threefold excess a turbidity soon appears. Complex formation, therefore, is relatively 
weak 


Paris, 180, 928 (1925) 

Chem. Ges. 46, 2612 (1913) 
f Borates, Part I. Borax Consolidated Ltd., London (1956) 
ta Chem. Scand. 13, 312 (1959) 
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Similar results are obtained on conductometric titration in the presence of equi- 


molecular proportions of the organic materials (Fig. 5). A fivefold excess of mannitol 
changes the shape of the conductometric (and potentiometric) curve. 
It is of interest to note that using standard conditions it is possible accurately and 


Fic. 5.—Conductometric titrations of 5 ml 0-0192 M antimonic acid 5 ml 0-1 M alcohol 
or sugar. 
. £ 


Curve 1: mannitol ( ): curve 2: erythritol (x); curve inositol (.)); curve 4: sucrose (--); 


curve 5: glycerol ( ); curve 6: glucose ( ); curve ml water 5 ml 0-0192 M antimonic 


acid. 


easily to estimate antimonic acid by titration, and hence to determine antimony in 
potassium antimonate by eluting through a cation exchange column in the presence of 
excess mannitol. 

Further work is intended in the future to determine the exact formulae of the various 
polyhydroxy-antimonic acid complexes. 
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COMPLEX FORMATION BETWEEN ANTIMONIC ACID AND 
(1) POLYPHYDRIC PHENOLS (Il) «HYDROXY ACIDS 


S. H. GATE and E. RICHARDSON 
Department of Chemistry, College of Further Education, Whitehaven, Cumberland 


(Received 13 April 1961; in revised form 26 June 1961) 


Abstract—Ortho-dihydric phenols form 1:1 complexes with antimonic acid, as also do glycollic, 
lactic, malic, mandelic, citric, gluconic, «-hydroxy butyric and galactonic acids. Tartaric acid forms 
a 1:2 (tart:Sb) complex. Thioglycollic and thiomalic acid forms 1:1 and 2:3 (org:Sb) complexes 
respectively. 

Electrophoresis, and conductometric and potentiometric titrations of some «-hydroxy acid 


complexes have been studied. Complexing has been shown probably to involve the carboxyl and 


z-hydroxyl or «-thiol groups. Suggestions are made for the formulae of the simpler complexes. The 
complex stability is sufficient to prevent the precipitation of many insoluble antimonates. 
[he applicability of Job’s method of continuous variations is discussed and justified for use in 


the present study. 


CompPLex formation between antimonic acid and polyhydric alcohols has been reported 
in a previous paper.) 

Reaction between Sb,O, and ortho phenols has been studied by VOLMAR and 
GOETTELMANN™ and by KOHLER"). WEINLAND and SCHOLDER™) claim to have formed 
pyridine and quinoline salts of the acid H(Sb(cat),) but were unable to prepare the free 
acid: further studies on these complexes have been made by ROSENHEIM"). Other 
complexes such as M(O = Sb(cat),) and M,(O = Sb(cat),) are also discussed in the 
literature. 

[he pentoxide has been shown by DaTTA and GuHosH"® to react with aqueous 
gluconic acid and various therapeutic compounds have been prepared from Sb(Hal); 
and x-hydroxy acids. Turco™ has noted the increased solubility of antimonic oxide 
in these acids and particularly the effect of sodium tartrate in stabilising alkaline anti- 
monate solutions. 

rhe information available is, however, scanty and in the present work a systematic 
re-investigation has been made using metastable soluble antimonic acid prepared by 
ion exchange and employing Job’s method of continous variations. 


EXPERIMENTAL 


Electrophoresis. This was carried out in a Shandon vertical tank connected to a Vokam C.V. 
control unit set at 300 V. (Electrolyte, N/1000 HCIO,) 

Solutions. Lactic and glycollic acids were obtained as concentrates, and other acids were obtained 
as lactones; after dissolving in water, the resulting solutions were checked by potentiometric back- 
titration. 

Other solutions and instruments were used as described in Part 1” of this study. 


S. H. Gate and E. RIcHARDsON, J. Jnorg. Nucl. Chem. 23, 97 (1961). 

Y. VOLMAR and G. GOETTELMANN, C.R. Acad. Sci., Paris 220, 282 (1945); 221, 147 (1945). 
P. KOHLER, Arch. Sci. Phys. Nat. 26, 157 (1944). 

R. WEINLAND and R. SCHOLDER, Z. Anorg. Chem. 127, 343 (1923) 

A. ROSENHEIM, Z. Anorg. Chem. 200, 173 (1931). 

S. Datta and T. N. Guosu, Science and Culture 11, 699 (1946). 

A. Turco, Gazz. Chim. Ital. 83, 231 (1953). 
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RESULTS AND DISCUSSION 


plex formation between antimonic acid and polyhydric phenols 
nfluence of various polyhydric phenols on the conductance and pH of anti- 
icid is shown in Figs. | and 2. Complexing occurs forming stronger soluble 
is of phenol:Sb ratio 1:1 with all of the ortho-dihydric phenols investigated (with- 
ut carboxyl groups). Phloroglucinol, a meta-trihydric phenol of similar acid 
has no effect on the conductance or pH of the antimonic acid, and precipi- 
f hydrated Sb,O, soon occurs from these solutions. Titrations of the catechol- 
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phenolic compounds on the conductance and pH of antimonic acid 


uence O| | 
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uctance plot OF gallic acid ( ) 


juctance plot of pyrogallol (x ), catechol (©), and 3:4 dihydroxy-toluene ( 


nce plot of phloroglucinol ( A) 


f catechol(@) 


intimonic acid complex are shown in Fig. 2a. Fivefold excess of phenol gave an end- 
ar to that obtained by addition of a large excess of mannitol (and also 


The marked increase in conductance and 


point simi 
dilution of the antimonic acid with water). 
decrease in pH in the mole fraction series is best interpreted in terms of complex for- 
mation with a simpler acid than exists in aqueous antimonic acid solutions. 
Earlier workers” have reported a complex R(Sb(cat),) based on analysis of the 
solid. In the present work no evidence has been found for complexes in solution with 
er phenol:Sb ratio than 1:1. Presumably the complex is of the type 
r OH ‘| 
HO | 
Sb. C,H,O, 


| HO OH 
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(b) 


The influence of carboxylic acids on (a) the conductance, (b) the pH of 
antimoni cacid. 
ric(D-, L-, or meso-) (A); curve 2—citric (OQ); curve 3—malic ( 


curve 4—mandelic (x); curve 5—succinic (<>). 
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where the other OH groups of the antimonic acid may be condensed, giving for ex- 
ample, H,(Sb,O,(cat),). 

Conductometric and potentiometric titrations of the gallic acid complex are shown 
in Fig. 2b. Breaks and inflexions at similar Na:Sb ratios are obtained for the first end 
point of the titration. Presumably therefore the carboxyl group of the gallic acid is 
ineffective at this stage and may even be complexed. 


(b) Complex formation between antimonic acid and a-hydroxy acids 


The influence of various «-hydroxy and polyhydroxy acids on the conductance and 
pH of antimonic acid is exemplified in Figs. 3(a) and (b). Wherever complexing occurs, 


Mole fraction of antimonic acid 


Fic. 4.—Conductance changes with time in antimonic acid/ethyl lactate mixtures. 
Curve 1 (©) after 1 day’s, curve 2 ((_)) after 4 day’s, curve 3 (<>) after 8 day’s hydrolysis at 
room temperature. 


a stronger acid is formed. The 1:1 complexes are formed by glycollic, lactic, malic, 
mandelic, citric, gluconic, «-hydroxy butyric, and galactonic acids, a 1:2 (tart:Sb) 
complex by tartaric acid (whether D-, L-, or meso-tartaric), and a 3:2 (glucur:Sb) com- 
plex by glucuronic acid. Complexing also occurs with thio-glycollic and thio-malic 
acids to form 1:1 and 2:3 complexes respectively. Complex formation appears com- 
plete after 3 days. 

Neither /-hydroxy butyric nor succinic acid have any effect on the conductance or 
pH of antimonic acid. Presumably, therefore, complexing involves the carboxyl group 
and the «-hydroxy or the «-thiol group. (Tartaric acid having two «-hydroxyl carboxyl 
groups forms a 1:2 complex). This has been confirmed by studies (Fig. 4) using ethyl 
lactate where the carboxyl group is blocked by esterification. 

Some electrophoretic studies are shown in Fig. 5. The citric complex has a greater 
rate of migration than the tartaric presumably due to the additional carboxyl group. 
[he tartaric complex migrates at the same rate as the mannitol complex. 
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Potentiometric and conductometric titrations of the lactic, tartaric mandelic and 
citric complexes were performed. Fig. 6(a) is a typical example. The shapes of the 
curves indicate that a much stronger acid is formed by complexing. For lactic (10 ml 
0-02 M) and tartaric (10 ml 0-01 M) acid mixtures with antimonic acid (10 ml 0-02 M), 


ii nocomy{ 


N/10 NaOH. If complete complexing took place the point of inflexion should be seen 
at about 2:0 ml. With lactic acid it occurred at 2:75 ml and for tartaric acid at 2°5 ml 


6b). Thus the carboxyl group of lactic and both carboxyl groups of tartaric 
are probably involved in complex formation, which persists above pH 7. The 


plexing occurred, the final point of inflexion would be expected atabout 3-5 ml 


7 


QY 


horesis. Outlines are shown of areas developed after 4 hr at 300 \ 
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greater titre for the lactic complex is probably due to a lower degree of stability and 
hence to titration of some free acid. Studies on the citric acid complex are complicated 
by the three carboxyl groups. A definite inflexion occurs, however, after about 2-4 ml 
N/10 NaOH, which is absent in the titration of the acid alone, thereafter the curves run 
parallel until a further weak inflexion is seen after about 4-4 ml and a final sharp in- 
flexion at 6°6 ml. 

DaTTA and GHosH? claim that a 1:1 complex is formed by reaction of Sb,0; with 
gluconic acid solution. By neutralization with NaOH followed by evaporation they 
have isolated a solid salt which from analytical data they have formulated as 


4H,O-NaOOC 


[hey state that the water of crystallization is firmly bound. It appears more reason- 
able that the “water of crystallization”’ is in fact non-complexed and non-condensed 
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6.—Titrations of carboxylic acid complexes with N/10 NaOH 
(a) Mandelic (conductometric and potentiometric) 
1 (©) 10 ml 0-02 M mandelic 10 ml 0-0192 M Sb acid, conductometric (left-hand scale) 
2 (@) 10 ml! 0-02 M mandelic 10 m1 0-0192 M Sb acid, potentiometric (right-hand scale) 
Curve 3 (A) 10 ml 0-02 M mandelic 10 ml water, conductometric (left-hand scale) 
Curve 4 (A) 10 ml 0-02 M mandelic 10 ml water, potentiometric (right-hand scale) 


Curve 
Curve 


(b) Comparative potentiometric titrations with N/10 NaOH 
Curve | (@) 10 ml 0-02 M lactic 10 ml water 
Curve 2 (©) 10 ml 0-02 M lactic 10 ml 0-:0192 M Sb acid 
Curve 3 (@) 10 ml 0-02 M citric 10 ml water 
Curve 4 (<>) 10 ml 0-02 M citric 10 ml 0:0192 M Sb acid 
Curve 5 (A) 10 ml 0-01 M tartaric 10 ml water 
Curve 6 (/\) 10 ml 0-01 M tartaric 10 ml 0-0192 M Sb acid 
Curve 7 () 10 ml 0-0192 M Sb acid 10 ml water 


hydroxyl groupings in antimonic acid, and that the salt would be better formulated as 


HO OH 


HO—-Sb—OH 


O Q OHOHOH OH 
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which would both fit the analytical data and better follow modern structural theory. 
rhe 1:1 complexes with gluconic and galactonic acids have been observed in the present 
study 

Glucuronic acid (the sugar acid formed by oxidation of the terminal alcohol, 
leaving the aldehyde grouping free) forms a 3:2 (glucur:Sb) complex. In glucuronic 
acid the «-hydroxyl group is used in ring formation. 

lartaric acid is able to complex two molecules of antimonic acid; this complex 


must be of the type 


HO OH ~ HO OH HO OH 


H} HO—Sb—OH OH | HO—Sb—OH |H 


HO OH | HO HO OH 


HO O O OH 
HO—Sb—OH C—( HO--Sb—OH |H, 


HO O OH 


[his complex behaves on titration in the same way as the lactic complex where one 
acid hydrogen is produced per mole of antimonic acid. 1:1 complexes of other «- 


hydroxy acids are formed in a similar manner: 
OH 7 OH 


HO OH 


HO OH 
OH 


R 


[he complexes formed are considerably more stable than the antimonic acid and 
the solutions remain clear, whereas antimonic acid solutions produce a colloidal sus- 
pension within a few days. It is also significant that many cations (aluminium, zinc, 
mercurous, stannic, silver, for example) form insoluble antimonates when added to 
either potassium antimonate or antimonic acid solutions, but no precipitates are 
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formed from mixtures of antimonic acid and «-hydroxy acids. Complexing does not, 


however, prevent sulphide precipitation. 


Note on the applicability of Job's method 


Wo tpsyeE'? has recently criticized this technique; but IRVING and Pierce'®’ have shown that 
fully reliable stability constants may be obtained, and have extended the method to two-phase systems. 
Application of the method to the present type of reaction has been justified by Jones''”’, who has 
however criticized the general use of conductance methods. In the present study a strong acid is 
formed with a highly mobile hydrogen ion, and the conductance changes are much greater than can 
be attributed to inter-ionic forces at the concentration used (approximately 0-02 M). In these 
systems the use of conductance measurements is justified: pH measurements were also made for 
confirmation. 

8) F. Wo._psye, Acta Chim. Scand. 9, 299 (1955). 
” H. IrvinG and T. B. Pierce, J. Chem. Soc. 2565 (1959) 
10) M. M. Jones. J. Amer. Chem. Soc. 81, 4485 (1959). M. M. Jones and 

12, 241 (1960) 
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THE INTERACTION OF GRAPHITE WITH 
SODIUM-VAPOUR 


A PRELIMINARY INVESTIGATION* 
H. L. Recutt, G. M. WoLTEN? and D. E. GILMARTIN? 


(Received 16 May 1961, in revised form 21 July 1961) 


Abstract—The sorption of sodium-vapour by graphite has-been studied as a function of temperature, 
sodium-vapor pressure, inert gas pressure and number of sorption-desorption cycles 


Preliminary information on the kinetics of the reaction and the products formed has been obtained 


PREFACI 

During 1959, the authors were engaged in an investigation of the interaction of sodium-vapour 
with graphite in the laboratories of Atomics International, a Division of North American Aviation, 
Inc., Canoga Park, California. 

In the early part of 1960, it became necessary to lay this work aside, and up to now a resumption 
has not been possible 

rhe results obtained are very interesting and—in some respects—unusual. Hence, it is felt that 
these results, though far from complete, should be made available to others by means of this extended 


note 


EXPERIMENTALLY, the sorption of sodium-vapour by graphite can be investigated only 
while the graphite specimens are at a higher temperature than the pool of liquid 
sodium that is the source of the sodium-vapour. Otherwise, sodium could condense 
on the graphite, and the observed phenomena would, in part, be reactions of liquid 


sodium rather than sodium-vapour. Such reactions appear to have been observed in 


this work, and when encountered altered the course of subsequent interactions of 
graphite with sodium-vapour. 

The above temperature requirement means that the partial pressure of sodium- 
vapour in the experiments must be less than the saturation pressure. Thus the partial 
pressure can be expressed as a fraction of the saturation pressure and referred to as the 
relative sodium pressure. This concept is analogous to that of relative humidity in the 
case of water-vapour. The maximum relative sodium pressure used in these experi- 
ments was 0-7 or 70 per cent of saturation. 


EXPERIMENTAL 


The experiments were conducted in several similar pieces of equipment, constructed as follows: 
A Marshall furnace of 24 in. length was supported in an upright position. The heater winding 
was partially shunted so as to produce two regions with uniform but different temperatures. A steel 
tube filled the entire length of the furnace, and just above the furnace the steel tube was joined to a 


long glass extension by means of a Kovar seal. The bottom of the steel tube contained a pool of 
* This work is sponsored by the U.S. Atomic Energy Commission, whose assistance is gratefully acknowl- 
edged 
+ Present address: Astropower, Inc., Costa Mesa, California 


t Present address: Aerospace Corporation, El Segundo, California 
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he graphite specimen, a hollow cylinder, $ in. long by } in. diameter, was suspended 
e steel tube by a wire. The latter passed through a long steel reflux condenser to the 
€ ere it was attached to a quartz helix which served as a spring balance. The 
ibrated in terms of added weight, was read externally with a 
1 scale 

gned to return liquid sodium to the pool through a bypass line and thus 
lets of sodium from falling on the specimen. As the results, described below, 

st of the time but failed on occasion 
for evacuating the apparatus and introducing gases at controlled pres- 

| n, was used to prevent boiling of the liquid sodium. 

reparation of specimens for X-ray analysis, were conducted 


1 argon at | atm pressure prior to welding, and no further 


RESULTS AND DISCUSSION 
vapour by graphite becomes less with increasing temperature. 
ite to 850°C under a vacuum will remove any sodium previously taken 
equilibrium amount of sodium in the graphite is greater at lower 
he rate of the reaction decreases markedly, and it is quite difficult to 
ium below 400°C. Between 500 and 750°C the rate is fast, while at the 


e the equilibrium amount of sodium taken up is still large enough for 


and at a relative sodium pressure of 0-7, the equilibrium 


f sodium taken up is of the order of 4 wt. per cent expressed as gain over the 


of the graphite specimens. However, if the graphite contains chemi- 
> to having been stored in air, any sodium that enters the graphite 
formation of sodium carbonate. Only after all the oxygen 
able for this reaction has been used can equilibrium between sodium and graphite 
ved. In experiments with graphite that was not outgassed, the formation of 
lium carbonate accounts for weight gains to a maximum of about 3 wt. per cent, so 
total weight gain due to sodium may reach 7 wt. percent. If the graphite 
: first outgassed at 850°C, the formation of sodium carbonate does not 

ind the weight gains are limited to a maximum of 4 wt. per cent. 
rder to be able to change more than one variable at a time and thus reduce the 
1umber of separate experiments required, a statistical programme of experimentation 
employed." A three-variable programme was followed with (1) the graphite 
temperature, (2) the sodium relative pressure, and (3) the number of sorption- 
desorption cycles as the independent variables. In this series an argon atmosphere of 
650 mm Hg pressure was used. The programme, requiring fifteen experiments, 

yielded the coefficients to a polynomial of the form: 


where Y is the per cent weight gain measured, X, is the graphite temperature (°C), X, 
is the sodium relative pressure, and X, is the number of cycles. The range of values 
investigated for X, was 500-750°C, for X, was 0-2-0-7 and for X, was 1-4. 


> 


955, Feb. 10, (1960) Available from Library, Atomics International, Canoga 





The interaction of graphite with sodium vapour 


The coefficients obtained were: 
Ay 4-625 A. rz 10 
2:09 1 10° A, °: 10-3 
8-885 / 437 10 
8-97] / , 10 
2-419 . A, “5: 10 


It should be noted that the form of the equation for two independent variables held 

fixed and only one effective independent variable is: 

Y=C,+ CX +C,xX* 

which is the equation for a parabola whose axis is parallel to the Y axis. The shapes 
of calculated curves (parabola’s) are not necessarily those that would be obtained by 
more extensive experimental data. The analytic expression above, for example, does 
not give a monotonic leveling out of weight gain with increasing sodium relative 
pressure, but rather approximates this with a parabola of best fit. Within this 
limitation, the equation leads to a good approximation of the amount of sodium 
vapour sorbed by graphite. 

In a number of experiments, weight gains were experienced which were far in 
excess of the values claimed above to constitute equilibrium. It is believed* that in 
these experiments the graphite specimens had contact with liquid sodium. It is known 
that the contact of graphite with liquid sodium or potassium markedly increases the 
ability of graphite to sorb gases."*’) Apparently this also holds true when the “‘gas”’ is 
sodium vapour. In these cases, subsequent to the immediate weight gain due to a 
droplet of liquid sodium, there was a further gain in weight up to a maximum total 
gain of about 30 per cent. 

In one such experiment, nitrogen rather than argon or helium was used as the inert 
atmosphere in the apparatus. The total weight gain was 32-2 percent of which 
chemical analysis showed 27:4 per cent to be sodium and 4-9 per cent nitrogen. Where 
the atmosphere consisted of argon or helium, gas retention did not appear to take 
place. 

An unexpected and startling feature of these high weight gains was the fact that 
they were a reversible function of inert gas pressure. The weight gains cited here were 
observed under a pressure of 400 mm. Lowering the pressure to 90 mm, at constant 


temperature, resulted in a loss of weight until the gain over the starting weight was only 


3 percent. Raising the pressure once more restored the high values, up and down 
through several such cycles. This dependence on gas pressure has not been found for 
the lower gains in the absence of liquid interactions. 

In all those cases of high weight gain that occurred in the bomb experiments, the 
sodium did not remain in the specimens after cooling but collected on their surfaces. 
Some indication for lamellar compounds was found at the interfaces between sodium 
and graphite. Presumably these are decomposition products of whatever existed at the 
test temperature. 

* The weight-gain vs. time curves in these cases show a normal start, then a sudden change, suggesting 
the falling of a drop of liquid sodium on the graphite, followed by a further weight gain at a rate different 


from the initial one. 
2) W. F. Woxrr and P. HILL, J. Phys. Chem. 63, 1161-64 (1959). 
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nay speculate that graphite and sodium form a series of lamellar compounds, 
those formed between graphite and potassium.’ These sodium compounds 


much higher decomposition pressures than the potassium 


‘ric pressure may have controlled the formation and decomposition of 
his series of compounds, somewhat in the manner in which pressure 
liquid.* In line with speculation, one would explain the 

m on the specimen surface in the bomb runs by postulating that the 
from the interiors of the specimens as the pressure dropped. It 

iat these bombs were filled with | atm of argon prior to sealing. Asa 
the pressure rose to about 3 atm at 650°C and returned to 1 atm on 


ound NaC,,, previously reported by ASHER and WILSON, was 


pecimens that had been equilibrated with sodium-vapour ata 


450°C for seven days. The specimens were 
n as essentially pure NaC,,. They did not contain free 
netimes they contained excess sodium. It appears that this compound 
relatively low temperatures, and that it forms rather slowly when 
vapour. In the light of experience gathered by HENNIG’S group”? 
nal Laboratory, it may be that the rate of formation of such 

sed catalytically by the presence of impurities. 
f sodium into graphite causes expansion of the latter. For gains up 
volume expansion has been shown to be proportional to the 
kpansion is anisotropic, and the anisotropy is proportional to the 
d orientation of the crystallites. It is the crystallographic c-axis that 


so that the sodium must be presumed to enter the space 


ure analysis and review of alkali-metal graphite lamellar 
1 and reported elsewhere." 

plication of pressure by 

1e gas. However, the 


ractice the action of a 
71 (1954) 
roceedings of the Fourth Conference on Carbon, 


Pre New York xford ndon, Paris, (1960) 
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COMPOUNDS IN THE SYSTEM KVO,-V,O, 


A. D. KELMERS 
Union Carbide Nuclear Company, Division of Union Carbide ¢ orporation 
Tuxedo, New York 


(Received 14 June 1961; in revised form 13 July 1961) 


Abstract—The compounds which exist in the system K VO;-V.O; were investigated by melt ing samples 
of KVO, and V,O; at various mole ratios in a controlled atmosphere furnace. The compounds which 
formed were identified by X-ray powder diffraction technique. The oxidized compounds KVOs,, 
K;V;O,,, K,0°4V,0; and V,O; were identified. The compound K;V;O,, has not previously been 
recognized as a high temperature phase. The reduced oxide V,,O., was formed under certain condi- 


tions. Two additional phases were present in some samples. One of these may be the vanadylvana- 


date or vanadium bronze, K,O-V,0,°5V,O The other was not identified. 


THE system KVO,-V,O, has been described in two recent publications."»*) The results, 
with regard to the compounds which exist in this system, are in disagreement. In the 
investigation by HOLTzBERG, ef al.,") the phase diagram for the complete system 
K,CO,-V,O; was constructed. In the region KVO,—V.O,, the compounds KVOs, 
K,0-4V,0; and V,O; were identified. The X-ray diffraction patterns of these 
compounds were separately reported. In the article by ILLARONOv et a/.,) the phase 
diagram for the system KVO,-V,O,; was constructed from thermographic and X-ray 
diffraction data. They identified the compounds KVOx3, 2K,0:5V,0;, K,0°-4V,0, and 
V.O;. In addition, one partially reduced compound, K,0-V,0,°5V,0,, was obtained. 

Two anhydrous potassium polyvanadate compounds have been prepared from 
aqueous systems but have never been observed as high temperature phase constituents. 
They are: K3V;O,,, prepared by BystROM and Evans," and K,V,O,, identified by 
BLock'® and KELMerRs.“°? 

In view of the disagreement existing between the published phase diagrams 
covering the system KVO,-V,O; a reinvestigation of the system was undertaken. 
Such an investigation would also serve to explore the possibility of the existence at 
higher temperatures of the anhydrous polyvanadates previously prepared only from 
aqueous solutions. 

EXPERIMENTAI 


The general procedure involved the melting and subsequent cooling of samples containing varying 


amounts of KVO, and V,O; under oxygen or nitrogen atmospheres. The resulting crystalline mass 
was examined by X-ray powder diffraction technique to determine the compounds present. 

The starting materials were specially purified. The V,O; used was prepared by thermally decom- 
posing recrystallized NH,VO, at 400°C for several hours. Chemical analyses indicated that it was at 
least 99-8°% V,O; with no vanadium (IV) present. The KVO, was prepared by dissolving equimolar 
amounts of K and V, as KOH and V,.O,, in water and then salting out KVO, by the addition of 
ethanol. The solids were removed by filtration, washed with ethanol and dried at 110°C. The 


F. HoLTzBerG, A. REISMAN, M. Berry and M. BERKENBILT, J. Amer. Chem. Soc. 78, 1536-1540 (1956) 
(2) V. V. ILLARIONOV, R. P. Ozerov and E. V. KIL’DISHEVA, Zh. Neorg. Khim. 1, 777-782 (1956). 
(3) American Documentation Institute, ADI No. 4760 (1956). 
4) A. M. BystrOm and H. T. Evans, Jr., Acta. Chem. Scand. 13, 377-378 (1959). 
S. Bock, Nature, Lond. 186, 540 (1960). 
(6) A. D. Kecmers, J. Inorg. Nucl. Chem. In press. 
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phic analyses did not indicate the presence of any 

inder was probably water. K VO, is highly hygroscopic 
drate, KVO;.H,O 

sre placed in a platinum crucible. Platinum was selected 

rhe crucible was then suspended in a controlled 

f oxygen or nitrogen. The oxygen atmosphere 

discussed below, while the nitrogen atmos- 

sles were melted at 850°C for 15 min and then 

were then removed from the furnace and placed in 


; 
-weighed, the loss in weight being used 


S FORMED UNDER OXYGEN ATMOSPHERE 


KVO 

KVOs;, K3V;O;, 
KVO,, K3V;O,;, 
KVOs, K3V;O;,; 
RoVths “RP. 
V,0,,, “R.P.2” 
V;O,,, KoO’-4N 
.0-4V,0; 
O-4V.0, 
20-4V.0;, V.O 
,0-4V.0., V.O 
,0-4V.0;, V.O 
O. 


K 
K 
K 
K 
K 
K 
K 
\ 


nples were determined using a Phillips wide-range 
The diffraction patterns obtained were compared with 

nds present 
in oxygen atmosphere are shown in Table 1, while those under 
The K/V mole ratio was calculated from the weights of 
yn of the final mixture was calculated from the weights of KVO; 
iat occurred during the experiment due to oxygen evolution. The 
sre showed a greater amount of reduction than the series under 
te that even under an oxygen atmosphere all of the samples underwent 
V.O; or KVO, cannot be melted and recrystallized without forming a 


luced compounds 


DISCUSSION AND CONCLUSIONS 


[he following compounds were identified. 


ad phases 


KVO;. Potassium metavanadate, KVO;, was present in the samples with a 
K/V mole ratio of 1-00 and, accompanied by another phase, in samples with a 
K/V mole ratio down to about 0-7. Potassium metavanadate was previously identified 


by HOLtzpBerG et al.,“’ ILLARIONOV ef al. and Curist et al.” The diffraction 


vs, JR., Acta Cryst. 7, 801-807 (1954). 
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pattern obtained in this investigation was in good agreement with that published by 
HOLTZBERG. 

K;V;O,,. As the mole ratio of K/V was decreased, the next compound formed was 
K;V;O,,. It appeared in the K/V mole ratio range of 0-9-0-4 under both nitrogen and 
oxygen atmospheres. K,V,;O,, has been previously obtained from aqueous solutions 


and the crystal structure has been determined, but it has not previously been 


* 
identified as a high temperature phase. EvANs kindly supplied the X-ray diffraction 


TABLE 2.—COMPOUNDS FORMED UNDER NITROGEN ATMOSPHERE 


: Final mixture (mole per cent) 
Mole ratio 


K/\ 


dentified 


1-00 

0-891 ; KVO., K.V.0;. 

0-802 KVO,, K;,V;O,, 

0-701 5 KVO;, K;V;O;, 

0-602 K,.V,0O;,, “R.P.2”* 

0-497 “i d K,V,0,,, “R.P.2” 

0-399 3: K,V;O,,, K20°4V.0;, “R.P.2” 
0-301 K,0-4V.0;. “R.P.2” 

0-227 K,0-4V,0,, “R.P.1°"* 
0-200 K,0-4V.0,, *“*R.P.1” 

0-100 K.0-4V.0,, V,O;, “R.P.1” 
0-068 K.,0-4V.0,, V.O;, “R.P.1” 
0-000 V.Ox, VisOns 


~ 


~— 


x 
NNN Ww Ww 





*“R.P.1" and * two unidentified phases. 


pattern for the material prepared from aqueous solution.’ The X-ray diffraction 
pattern of samples prepared at elevated temperatures was in excellent agreement and 
is shown in Table 3. 

K,0-4V,0;. This compound appeared in samples with a K/V mole ratio of 
about 0-4 down to 0-068. It was previously identified by both HOLTZBERG, et a/.“ and 
ILLARIONOV ef al.'?) The X-ray diffraction pattern obtained in this investigation was 
essentially in agreement with that published by HOLTZBERG et al.) 

V,0;. This compound was present, as expected, in the samples which contained 
from 0:2 to 0 mole K per mole of V when melted under oxygen and in the samples 
which contained from 0-1 to 0 mole K per mole of V when melted under nitrogen. 
rhe decreased range of stability under the nitrogen atmosphere apparently was due to 
the appearance of a partially reduced phase, as discussed below. The X-ray diffraction 
pattern was in excellent agreement with the pattern given in the A.S.T.M X-ray 
Powder Data File, 9-387. 


Reduced phases 

V,20.,. The presence of this reduced oxide was detected in the sample containing 
no potassium which was melted under a nitrogen atmosphere. The X-ray diffraction 
pattern and crystal structure determination have been previously published.‘ 


H. T. Evans, Jr. Personal communication, U.S. Geological Survey, Washington D.C. (1960). 
ArBI, Helv. Chim. Acta 31, 8-21 (1948). 





A. D. KELMERS 


“R.P.1.”” In the samples melted under nitrogen in the K/V mole ratio range of 
about 0-23-0-068, the pattern of an additional compound appeared. This pattern did 
ar in the samples melted under oxygen, and the compound was tentatively 
“R.P.1,” Reduced Phase 1. ILLARIONOV, ef al.'*) obtained a partially 

phase which can be represented as either a vanadylvanadate K,O-V,O,: 

f. FLoop and SoruM”” and Waps.ey,"” or as a vanadium bronze K,V,O; 


3) analogous to the tungsten bronzes. Further investigations of the crystal 
stry of this and related vanadium compounds led OzEROv to conclude that this 


TABLE 3.—X-RAY POWDER DIFFRACTION 
PATTERN K.V,;O,, NI FILTERED CUK, RADIATION 


Ii] d(A) 


438 
422 
370 
353 


290 


: 
: 
2] 
l 
] 
l 
l 
l 
l 
l 
] 
] 
|- 
l 
|- 
1- 
1: 


ng, m medium, weak, t very 


compound should be considered as a member of a series of vanadium bronzes. 1213-14) 
The crystal structure of this compound was completed in 1957.(* 
lhe lines in the X-ray diffraction pattern of these samples which were not attribut- 
able to K,0-4V,O, or to V,O; were not in agreement with the published pattern 
for K,0-V,0,°5V,0,;.'” One sample was prepared at a K/V mole ratio of 0-0167 
and melted at 850°C in a vacuum to facilitate the reduction. The composition of the 
cooled sample was equivalent to K,O-V,0,°5V,0;, as shown below. 
H. FLoop and H. Sorum. Tids. Kiem, Bergvesen Met. 3, 55-59 (1943). 
A. D. WapDSsLEY, Acta Cryst. 8, 695-701 (1955). 
R. P. Ozerov, Kristallografiya 2, 226 (1957). 
) R. P. Ozerov, Kristallografiva 4, 201 (1959). 
) R. P. Ozerov, ZA. Neorg. Khim. 4, 1047 (1959). 
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Mole per cent 


Sample 
Theoretical K,O-V,0,°5V.0; 


The X-ray diffraction pattern of this sample was not in agreement with the published 
pattern and could not be indexed on the basis of the unit cell dimensions given by 
Ozerov et al."°) The identity of this reduced phase was not established. It may be a 
different crystal modification of the compound K,0-V,0,°5V,O;. 

“R.P.2.”” The presence of another unidentified phase, designated ““R.P.2.” was 
suggested by the appearance of a single strong line at 7-8 A in the X-ray diffraction 
patterns in the K/V mole ratio range of 0-3-0-6. This line could not be accounted for 
by any of the known compounds. In an investigation of the system Na,O-V,O," it 
was reported that the compounds Na,O-V,0,°11V,0; and Na,O-V,0,°5V,0, were 
formed. Since it has been shown that Na,O-V,0,4°5V,0O; and K,O-V,0,-5V,O-; 
have nearly identical lattice periods, it is attractive to postulate the existence of a 
corresponding potassium compound, K,0-V,0,°11V,0;. At this time, however, 
it can only be concluded that a second unidentified, possibly a partially reduced 
phase, may exist in the system KVO,-V,O,. 


') R. P. Ozerov, G. A. GoL’peR and G. S. ZHDANOv, Krista/lografiva 2, 217 (1957). 
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z-UQ;: ITS PREPARATION AND THERMAL 
STABILITY 


E. H. P. CORDFUNKI 
Reactor Centre of the Netherlands (R.C.N.). Petten (N.H.) 


(Received 14 July 1961) 


Abstract—A simple method for the preparation of x-UO, is described. The thermal stability of this 


phase is discussed. 


IN a recent study HOEKSTRA and SieGeL"? described the preparation of the five known 
crystalline modifications of UO,. Information about the crystal structures and some 
of the other physical properties was given by them. 

One of these forms, ~-UO,*, could only be obtained by heating amorphous UO, at 
485-500°C in oxygen, at a pressure of 40 atm for which long heating times are required 
(4 days at 485°C). This paper reports the preparation of «-UQ, in a rather simple 
way, starting from UO,:2H,O. 

EXPERIMENTAL 


UO,2H,0 can be converted to UO, by thermal decomposition at 400-550°C: 
2U0,2H,0O — 2U0, + O, + 4H,O. 


If the UO,2H,0 used for this reaction is prepared in the normal way, by precipitation 
from a uranyl-nitrate solution and thoroughly washing with water to remove nitrate 
ions, the resulting UO, is amorphous. 

We found however that, if the precipitate is not washed, thermal decomposition at 
the same temperature yields x-UOg, as was revealed by X-ray analysis. In agreement 


with the description of ZACHARIASEN™ our product is hexagonal with a = 3-971 A, 
Cc 4-168 A. 


Uranylperoxide (UO,-2H,O) was prepared by the action of hydrogen peroxide on a solution of 
uranyl nitrate at 60-80°C as described in the literature.‘ The resulting precipitate was filtered and 
(without washing) dried at 100-120°C. Samples of this compound, weighing 1-2 g, were heated in air 
between 300-700°C. The purity of the UO, preparations was checked by the determination of the 
weight change on ignition of the sample in air at 750-800°C; the oxide will be converted to U;0, 


under these conditions. X-ray analyses were carried out with a Philips diffractometer and recorder 


RESULTS AND DISCUSSION 
We have studied the conversion of UO,:2H,O to «-UO, at various temperatures 


between 300 and 700°C. 
The best results were obtained at temperatures between 525° and 575°C; short 


* Nomenclature after HOEKSTRA and SIEGEL :3 
H. R. Hoekstra and S. Srece., J. Inorg. Nucl. Chem. 18, 154 (1961). 
2) G. GoRDON and H. Tause, J. Jnorg. Nucl. Chem. 16, 268 (1961). 
3) H. R. Hoekstra and S. SieGeL, The Proceedings of the Second International Conference on the 
Peaceful Use of Atomic Energy, Geneva 1958. Vol. 28, (P/1548) p. 231, United Nations (1959). 
*) W. H. ZACHARIASEN, Acta Cryst. 1, 265 (1948). 
(5) G. W. Watt, S. L. ACHORN and J. L. MARLEy, J. Am. Chem. Soc. 72, 3341 (1950). 
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heating times are then required. The x-UO, thus obtained is of a high purity (see 
Table) and in agreement with the observation of HOEKSTRA and SIEGEL tan (brown)- 
coloured. This z-UO, is stable to prolonged heating in air at 550°C. 


t lower temperatures longer heating times did not give a complete conversion to 


TABLE OF RESULTS 


‘ating time Purity 


l O,) Product 


96-6 z-UO, hydrate) 
98-0 4-UQO, hydrate) 
98-8 x-UO hydrate) 
99-8 x4-UQO, ; 
99 x-UO 

O 


rated by hydrate peaks on the diagrams. Above 600°C x-UO, 
omposes, giving U,O,. We have also prepared «-UO, on a larger scale; 
lure we recommend spreading the UQ,:2H,O precipitate in a thin layer. 
z-UO, could only be obtained from amorphous UO, (prepared from 

er high oxygen pressures. As we could confirm that, after 

y washing, UO,2H,0 is converted to amorphous UO,, we must conclude 
luence of NO,, as is also reported for the conversion of U,O, to «-UQ,." 
ipported by the fact that UO,2H,0, precipitated from a solution of UO,Cl, 
to amorphous UO, when heated between 400° and 450°C. Above 450°C 
starts with the formation of the UQ, 9-phase, described by HOEKSTRA 


it at still higher temperatures is converted to U,O,; this UO, -phase is 


hat we have also detected the presence of considerable amounts of 


the product (v-UQ,) resulting from the thermal decomposition of UO,(NQs), 
C. We therefore believe that the statement: “*y-UO, is the most stable 


nust be doubted (at least for atmospheric pressures) without further 


1uthor wishes to thank Mr. P. C. Desets for performing the X-ray work and 


G. MENDEL, J. Inorg. Nucl. Chem. 14, 55 (1960) 
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AQUEOUS SYSTEMS AT HIGH TEMPERATURE—IV 


COMPOSITIONS OF LIGHT- AND HEAVY-LIQUID PHASES IN THE 
SYSTEMS UO,-SO,-H,O AND UO,-SO,-D,O, 280-350°C+" 


ERNEST V. JONES and WILLIAM L. MARSHALI 
Reactor Chemistry Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 


(Received 8 May 1961; in revised form 6 July 1961) 


Abstract—The system UO,-SO,-H.0 at high temperature is characterized bya range of compositions 
in which liquid—liquid immiscibility occurs. Some equilibrium compositions of the two liquid phases 
with vapour present in this system and its D,O analogue have been determined from 280 to 350’. 

The nature of the equilibrium is unusual since at 350° in certain parts of the systems the light- 
liquid phase, 0-02 to 0-1 molal in SOs, is in equilibrium with a heavy-liquid phase, 9 molal in SOs. 
The light-liquid phases contain an excess of free H,SO, whereas the heavy-liquid phases either are 
stoicheiometric in UO,SO, or contain a small excess of free H.SO, or UO . € omparative liquid-phase 
compositions in the analogous D,O system showed little difference in composition in the heavy-liquid 
phases but indicated approximé ately 10 per cent lower saturation molal ratios, myo,:mso,, for the 
light-liquid phases 


SOLUTIONS of UO,SO, in H,O under saturation pressure and at high temperature are 
characterized by a range of compositions in which liquid-liquid immiscibility occurs. 
This observation was first made by Secoy™? in his study of the system UO,SO,-H,O 
above 175°. Temperatures at which a second liquid phase appears constitute an 
upper limit for the use of H,O or D,O solutions of UO,SO, as homogeneous reactor 
fuels. Another component of the fuel may be H,SO, or D,SO,, added to prevent 
hydrolytic precipitation of UO,. The comprehensive investigation of regions of 
liquid-liquid immiscibility in the three-component system UO;-SO,-H,0O and its 
D,O analogue was therefore of considerable interest. 

Previous studies using a synthetic method established some two-liquid phase 
boundaries under saturation pressure for the systems UO,SO,-H,O and UO,SO, 
H,SO,-H,O,”) but no information was obtained for the simultaneous compositions 
of the two liquid phases. The determination of the compositions of the two phases at 
equilibrium was not possible in the earlier work using the synthetic method which 
permits only the observation of the temperature of appearance of a new phase and does 
not identify its composition. A further difficulty lies in the nature of the heavy-liquid 
phase which at elevated temperatures exhibits considerable fluidity but at low tempera- 
tures becomes a gel or a semi-crystalline solid. Therefore, although in many cases the 
light-liquid phase could be sampled, attempts to sample the heavy-liquid phase at 


temperature usually were unsuccessful due to clogging of the sampling tube. In order 
to circumvent this difficulty, a freeze-down method was employed by which the two 


+ This paper is based upon work performed at Oak Ridge National Laboratory, which is operated for 
the Atomic Energy Commission by Union Carbide Corporation. 
!) Previous paper in series: /nvestigations on the system UQ,-CuO-—NiO-SO,-H,0O at 300°C. W. L. 
MarSHALL and J. S. Gitt. J. Inorg. Nucl. Chem. 22, 115 (1961) 
C. H. Secoy, J. Amer. Chem. Soc. 72, 3343 (1950). 
H. F. McDurrie, Fluid Fuel Reactors, (Edited by J. A. LANE, H. G. MACPHERSON and F. MASLAN) 
Chap. 3, pp. 85-127. Addison-Wesley, Reading, Mass. (1958). 
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phases in equilibrium at high temperature were cooled rapidly and separated; their 

compositions were then determined. The results of the use of this method in the 

determination of the equilibrium compositions of light- and heavy-liquid phases in 
ns UO,-SO,-H,0O and UO,-SO,—D,0 are reported. 


EXPERIMENTAL PROCEDURES 
of uranyl sulphate in H,O were prepared by dissolving UO;°H,O in C.p. H,SO, 
H,O, obtained from Mallinckrodt Chemical Company, contained less than 0-01 p.p.m. of 
s and, after several water-washings at 100°, less than 0-1 per cent nitrate 


s D,O solutions were prepared from the H,O solutions by evaporating off nearly all the 
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—Light Phase 


caxverce 


Heavy Phase 


and tubes which contain two liquid phases. 


H,O, dissolving the concentrate in D,O, which contained 2 per cent H,O, and evaporating off the D.O 
repeated \ 
rhe stock solutions of stoicheiometric UO,SO,, to some of which an excess of H.SO, or D,SO, or 
UO,°H,O was added, were sealed in Pyrex tubes. In most instances these tubes were 20 cm in length, 
6 mm in inner diameter, and | mm in wall thickness, and had a tip 5 cm in length and 4 mm in inner 
diameter. Previous studies had shown that solutions of about 1-25—1-50 molar concentration (at 25°) 
would give suitable amounts of both phases and these molarities were used generally. A maximum 
lve tubes—three sets of quadruplicate samples or 4 sets of triplicate samples—containing 
various solution compositions were placed in a conventional high-pressure autoclave of 100 ml 
capacity (see Fig. 1). A few ml of H.O were added to the autoclave to counterbalance the pressure 
buildup within the tubes, thereby preventing explosions of the tubes at high temperature. The 
ve was sealed, placed in an electrically heated furnace, and rocked at the desired temperature 
hour or longer. The furnace was placed in a vertical position for a few minutes to allow 





Aqueous systems at high temperature—IV 289 


the heavy-liquid phase to settle. The autoclave was removed from the furnace and cooled in an 
ice-water mixture.t The tubes were removed from the autoclave and placed in an ice-ethanol 
mixture which froze the light-liquid phase and made the heavy-liquid phase very viscous or solidified 
it. A section was then cut from each of the heavy- and light-liquid phases of the samples and weighed 
for analysis. 

The furnace, a conventional, resistance-wire wound and close-fitting metal unit, enclosed by 3 cm 
of insulation and designed to contain the autoclave, was further insulated with a 5 cm thickness of 
asbestos material. This furnace was rocked 30° from a horizontal position on a 5 sec cycle. 
Temperature was regulated within 1° by a Leeds and Northrup controller activated by an iron 


constantan thermocouple placed within the furnace near the central part of the autoclave. T emperature 


Te @ og 


MA 


- direct sampling) 


on 


URATION MOLA 


The compositions at equilibrium in the two-liquid phase region of the systems 
UO,-SO,-H.O and UO,-SO,-D,0 at 300, 325 and 350°C. 


was measured by means of a recording potentiometer and a precalibrated iron—constantan thermo- 
couple placed in a hole drilled in the autoclave wall. Periodic checks on temperature measurement and 
instrumentation were made with a White potentiometer. Precision of temperature measurement was 
approximately +-0-5 

The solutions were analysed for UO; by controlled-potential coulometric titration.?? The SO; was 
determined by acid-base titration after adsorbing the UO, component on a cation exchange resin." 
Precision of individual analyses for the heavy-liquid phase was usually within +-0-5 per cent, although 
this precision was less for the light-liquid phase. The results of two to four sets of analyses, a set from 
each sample, were averaged and the averages are given in Tables | and 2. The variation in an 
individual analysis between four sets of samples was within 3 per cent. 


+ For 350° runs it was found necessary to lower the autoclave first into hot water and then into the ice— 
water mixture. Otherwise the tubes were completely shattered. 
‘4) M. T. Ketiey, H. C. Jones, and D. J. FisHer, Analyt. Chem. 31, 488 (1959); W. D. SHuLtTs and P. F, 
THOMASON, Jhbid. 31, 492 (1959). 
H. O. Day, J. S. Gitt, E. V. Jones and W. L. MARSHALL, Analyt. Chem. 26, 611 (1954). 


M. Hebert - synthetic 
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RESULTS AND DISCUSSION 
-d in Tables 1 and 2 were used to make plots (Fig. 2) of the satura- 
» Myo.: Ry, against the logarithm of the SO, 
and 350°, for the systems UO,-SO,—-H,O and UO,-SO, 


Pia) I 
nes connecting the compositions of the two phases in 


OMPOSITIONS OF LIGHT- AND HEAVY-LIQUID PHASES 
O.-SO,-H.O at 300, 325 AND 350°C 


Heavy-liquid phase 


SO.(71) >) miro MSO, 


0-874 
0-843 


0-0601 2 1-122 
0:0603 1-088 
0-0764 2 9-14 1-055 
0-0595 ) 9-4] 1-056 
9-56 1-021 

10-02 1-016 

9-77 1-007 

9-50 1-002 

9-04 0-995 

9-08 0-987 

8-77 0-962 

8-44 0-956 

0-942 

0-928 

0-909 

0-897 

0-892 

0-872 

0-862 

0-814 

0-768 


a phases (see text). 


he conjugate compositions; they are not tie lines in 
its plotted would be curved. 
‘the compositions of light-liquid phases at 350° and 
O, below approximately 0-07 molal. These values, included in 
lot consistent with some boundary curve information from 0-02 
vith G. M. Hebert by the synthetic method.{ Therefore, 
a direct sampling procedure by which the light- 
hase could be sampled directly.”’ In this procedure 


2L at 300, 325 and 350° as well as some saturation 


-liquid phase along both the ternary 2Z and the ternary L + S 


MARSHALL, "* 
ALL, J. Inorg. Nucl hem. 21, 14 (1961) 
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curves were found. The solid phase was identified as UO,-1/2H,O by comparison of 
X-ray diffraction patterns. These latter solubility data, obtained with GILL but not 
previously reported," as well as values obtained by the synthetic method, are given 
in Tables 3 and 4, and are included in Fig. 2. They are believed to constitute better 


compositional boundaries at 350° for the light-liquid phases in the two systems. 


TABLE 2 THE EQUILIBRIUM COMPOSITIONS OF LIGHT- AND HEAVY-LIQUID PHASES 
IN THE SYSTEM UO,—-SO,—D.O at 280, 300, 325 AND 350°C 


I ight-liquid phase Heavy-liquid phase Light-liquid phase Heavy-liquid phase 


SO.(m) myo,/mso0 SO,(m) | muo./mMso SO.(m) MUO,/MsO, S$O.(m) mypo./mso 
3 3 3 3 ] d ; 3 


At 280°: : contd. 
1-022 0-982 205 0-625 5 0-945 
0-291 0-868 5 033 j 0-673 5°: 0-930 
At 300°: ‘712 0-652 5 0-905 
0-138 0-956 5-5( ‘140 “ 0-724 0-862 
0-164 0-887 > 093 At 350°: 
0-218 0-875 5°5 ‘056 0:04347 0-842 8-97 1-109 
0-241 0-853 5: 050 0-04957 0-816 )-Qé 1-090 
0-291 0-868 5: 1-033 0:0498 + 0-729 1-048 
0-254 0-835 7 1-056 0-04807 0-628 2 1-033 
0-445 0-840 0-996 0-053 0-530 l 1-022 
0-614 0-829 32 0-967 0-086 0-462 8: 0-991 
At 325°: 0-137 0-446 8:4) 0-950 
0-0758 0-786 . 1-080 0-308 0-458 in 0-909 
0-0711 0-758 7 1-092 0-450 0-492 7 0-902 
0-0892 0-716 7: 1-056 0-757 0-528 0-858 
0-0965 0-701 }- 1-041 0-838 0-547 5-98 0-846 
0-109 0-649 ] 1-028 382 0-585 5 0-797 
0-641 8 0-999 1-773 0-613 0-772 
0-646 0-978 





t+ Samples of light-liquid phases presumably contaminated by heavy-liquid phases (see text). 


Connecting lines for the H,O and D,O systems in the region of discrepancy are 
extended from the compositions of the heavy-liquid to those of the light-liquid 
determined by the direct sampling and synthetic methods. The general directions are 
estimated from the directions of connecting lines for which no discrepancy exists and 
also from the compositions of light-liquid phases showing discrepancies. Contami- 
nation of the light-liquid with heavy-liquid phase would shift the compositional 
point away from a terminal position of a tie line but still allow it to remain on the 
same tie line. For a small shift from the terminal position, the connecting line would 
be near the tie line. 

The discrepancy in the data obtained by the freeze-down method is attributed to 
the adhesion of very small droplets of the heavy-liquid phase to the walls of the tube 
thus preventing complete separation of the two phases. This effect is negligible at 300 
and 325° where the concentration and viscosity of the heavy-liquid phase are con- 
siderably less. 

Fig. 2 shows that as the temperature rises from 300 to 350° the compositional 
area of liquid—liquid immiscibility increases; the heavy-liquid phase becomes more 
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ILLIAM L. 


MARSHALI 


LIQUID PHASES IN EQUILIBRIUM WITH 
VY-LIQUID PHASES OR UO,:3H.O soLip, systEM UO,-SO,—H,O 


phase 


SO.(m) 


At 350 € 
0-01323 
0-01833 
0-01874 
0-01894 
0-02485 
0-:02736 
0-0406 
0-0440 
0-0200 
0-0500 
0-100 

0-200 


Hebert, ¢ 





ght-liquid 


compositions Other Exptl. 
phases method 


mvuo,/so 


768 

771 

793 

790 
705 
671 
0-670 
0-603 


0-450 


Jak 


with J. S. Gitt, Oak Ridge 


TABLE 4 THE COMPOSITIONS OF 


LIGHT-LIQUID PHASES IN EQUI 


WITH HEAVY-LIQUID 
BY THE SYNTHETIC 
UO.,-SO 


LIBRIUM 


PHASES OBTAINED 


METHOD, 
D.O 


SYSTEM 


Light-liquid 


phase compositions 


SO.(m) 


0-100 
0-200 
0-050 
0-100 
0-200 
0-020 
0-050 
0-100 
0-200 


my 


0.//"s0 


0-970 
0-870 
0-830 
0-675 
0-635 
0-615 
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concentrated and the light-liquid becomes very much more dilute. It is also evident 
that, for the most part, the over-all region of immiscibility pushes into compositions 
containing excess free H,SO,. The exception lies in the composition of the heavy 
phase approaching the upper terminal point of the ternary 2L curve at the isothermal 
invariant point S -+- 2L. Compositions of heavy-liquid phase along this part of the 
curve contain an excess of dissolved UOs, i.e., Ry is greater than 1-0 and seems to 
reach a terminal value near 1-15 at the isothermal invariant point, S + 2L. 

As the temperature rises to 350° the increasingly high concentrations of UO, and 
SO; components in the heavy-liquid phase appear to be unusual. Extrapolation of a 
molal ratio, H,0:UO,SO,, in the heavy-liquid phase at R, | to temperatures 
above 350° yields a value near five or six. It is interesting to speculate that liquid 


hydrates may exist in this heavy-liquid phase. Where Ry is somewhat greater than 
1-0 a reaction of UO, with UO,SO, may have occurred to form some U,0;SO,. 


Acknowledgements—It is a pleasure to acknowledge the advice and encouragement of Prof. J. E. Ricci, 
New York University, and C. H. Secoy, Oak Ridge National Laboratory, during the course of this 
research 
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AQUEOUS SYSTEMS AT HIGH TEMPERATURE—Y 
DISTRIBUTION OF CuO AND NiO COMPONENTS IN THE TWO- 


LIQUID PHASE REGION OF THE SYSTEM UO,-SO,-H,O 
AND ITS D,O ANALOGUE, 300-350°C*" 


ERNEST V. JONES and WILLIAM L. MARSHALI 
Reactor Chemistry Division 
Oak Ridge National Laboratory, Oak Ridge, Tennessee 


(Received 8 May 1961; in revised form 6 July 1961) 


Abstract—Some equilibrium compositions of light- and heavy-liquid phases with vapour present in the 
systems UO;-CuO-SO;-H,0, UO;-NiO-SO;-H,O and UO,-CuO-NiO-SO,-H,0 and in their 
corresponding D,O analogues were determined at 300, 325 and 350°. In this investigation concen- 
trations of CuO and NiO were kept relatively low; thus the predominant components were UOs, SO; 
and H,O or D,O. The summation of the molal ratios, myo3!/M%s03, Mcuo:/Mso03, ANd Myio:Mgo3 for 
each liquid phase gave values close to the molal ratio, yo3:mso3, in the system UO,-SO;-H,0O or 
its D,O analogue at the same SO, concentration. At 350° and a summation ratio near unity the 
heavy-liquid phases contain 6-7 moles of H,O per mole of SO 


a 


\ PREVIOUS paper in this series” presented equilibrium compositions at 300, 325 and 
350° of the two-liquid phases existing in the systems UO,-SO,—-H,O and UO,-SO, 
D,O. Solutions of UO,SO, in H,O-H,SO, or D,O—D,SO, are of special interest as 
possible homogeneous reactor fuels. The temperature at which a second liquid phase 
appears in any system constitutes an upper limit for its use as a reactor fuel. Since CuO 
is added to the reactor fuel to catalyse the recombination of radiolytic hydrogen and 
oxygen, and NiO is present as a product of the corrosion of a stainless steel container 
system, it was desirable to determine the distribution of these two additional com- 
ponents between the two liquid phases. 

Investigations of the distribution of cationic components between light- and heavy- 
liquid phases in the system UO,-SO,-H,0 and its D,O counterpart, in addition to 


advancing over-all knowledge of these systems, may lead to methods for using this 


phase-separation phenomenon in chemical processing, purification, or separations, 
involving UO,SO, or other uranium compounds. 


EXPERIMENTAL PROCEDURES 


Che preparation of stock solutions of UO.SO, in H.O and of corresponding D,O solutions was 
described previously.”’ Weighed amounts of anhydrous C.p. CuSO, and C.p. NiSO, were dissolved 
in the stock solutions of stoicheiometric UO,SO, together with varying amounts of excess H,SO, or 
D.SO,. Analyses for CuO and NiO were performed by controlled-potential coulometric titrations 


All other analyses and experimental procedures were described in the previous publication 


RESULTS AND DISCUSSION 
The systems containing H,O. The results showing the equilibrium compositions for 
the light- and heavy-liquid phases at 300, 325 and 350° are given in Tables 1, 2 and 3 
* This paper is based upon work performed at Oak Ridge National Laboratory, which is operated for 
the Atomic Energy Commission by Union Carbide Nuclear Corporation 
1) Previous Paper in Series: Compositions of Light- and Heavy-Liquid Phases in the Systems UO,-SO,—H,O 
and UO,-SO,—D,0, 280-350°C, E. V. Jones and W. L. MARSHALL, J. Inorg. Nucl. Chem. 23, 127 (1961). 
W. L. MARSHALL and J. S. Git, J. Inorg. Nucl. Chem. 22, 115 (1961) 
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{—E EQUILIBRIUM COMPOSITIONS OF LIGHT- AND HEAVY-LIQUID PHASES 
IN THE SYSTEM UO,—CuO-SO,-H.O, 300-350°C 





Composition of each liquid phase 
Phase | SO,(7) = myo,/!s0, MCyO/MSO. 


At 350 : 

0-0816 l 0-451 

0-0854 H 0-909 

0-139 , 0-395 

0-144 8 0-800 

0-267 
0-572 0-419 
0-096 
0-0369 d 0-126 
0-:0467 0-192 
0-:0707 ' 0-250 
0-088 1 0-170 
0-0488 : 2 0-230 
0-062? 85 0-174 
0-057! . 60 55 0-223 
0-117 P 21 2 0-175 
0-0141 , 5-20 0-614 0-208 
116 > -200 0-400 0-125 
154 0-766 0-197 
186 0-591 0-366 
210 12 0-338 0-297 
229 , : 0-342 

346 


465 


SOME EQUILIBRIUM COMPOSITIONS OF LIGHT- AND HEAVY-LIQUIJD 
PHASES IN THE SYSTEM UO,—NiO-SO,—-H.O, 300-350 € 


id phase Composition of each liquid phase 
Mxio/Mso Phase SO.(m) MyO;/s03 | MNio/MsO, 


At 350: 

0-613 0-491 0-034 
6°91 0-832 0-051 
0-760 0-500 0-037 
6-40 0-821 0-051 
1-031 0-527 0-039 
5-94 0-802 0-053 
1-255 0-504 0-040 
6:16( ?) 0-712 0-048 
2-010 0-628 0-043 
4-47 0-727 0-049 
0-511 0-420 0-088 
7:03 0-773 0-103 
0-847 0-345 0-188 

34 0-801 0-144 
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CuO-SO,-H,O, UO,-NiO-SO,-H,O and UO,-CuO-NiO-SO,- 
\ concentration of 1-25 molar at 25° was selected for UO,SO, in 
juse it would usually give suitable volumes of the two liquid phases at 


f the experiment. 
were present in this system, as were present in a previous 
of independent variables. The number of phases was 
system. Accordingly for the four-component systems 
NiO-SO,-—H,O the experimental values for a liquid 
aturated with 


CuO or NiO. 


yn a surface in three-dimensional space s 


yn molalities or mole fractions of UQg, 


ration 


UO. components the two-liqu 


UO,-CuO-NiO-SO,-H.,O at 350°C 


ilone three axes. In order to present a portion of the 


nponents in one phase would be determined at a selected 


SO [hese data would determine a solubility curve at constant 
o-dimensional space and define one plane of a three-dimensional 
the selected concentration of SO.. 


‘lecting solubilities in the five-component system of one liquid phase in the 


constant concentration of SO, a surface rather than a curve of 


-ata 
In this case saturation molalities or mole fractions of 


lefin i 
MILT 


10-NiO-SO,-H,0 at 300°¢ 
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UO,, CuO and NiO could be determined along three axes of a three-dimensional model. 
It is evident from Tables 1, 2 and 3 that many additional data are needed for this type 
of representation and that some other approximate methods must be used. 


One method of graphic presentation of the data obtained at 350° for the five-com- 


LIBRIUM COMPOSITIONS OF LIGHT- AND HEAVY-LIQUID PHASES 
SYSTEM UO,—CuO-SO,-D,.O, 300-350 C 





liquid phase Composition of each liquid phase 
SO.(m) MUOs/!"805 MCyO/Ms03 


contd 

0-064 : 0-861 0-564 0-128 
0-065 ; 5-17 0-763 0-140 
0-144 : 
0-148 ; 0-664 0-482 0-044 

0-802 0-058 
0-055 80- 0-430 0-112 
0-067 ‘ 5 0-712 0-144 
0-054 0-484 0-105 
0-060 0-698 0-127 
0-132 0-571 0-113 
0-149 ; 0-119 


QUILIBRIUM COMPOSITIONS OF LIGHT- AND HEAVY-LIQUID PHASES 
IN THE SYSTEM UO.—NiO-SO.—D.O, 300-350 °C 





Composition of each liquid phase 


Phase SO.(m) MU0,/"S804 MyiO/MsOz 


At 32 : contd. 
0-051 4:48 0-803 0-101 
0-053 0-683( ?) 0-407 0-126 
0-047 3-71 0-779 0-140 
0-126 ; 1-05( ?) 0-446 0-099 
0-147 4-43 0-762 0-130 
0-143 : : 
0-121 4 mi 0-505 0-006 
0-135 : 0-812 0-078 

” 0-549 0-011 
0-011 : 5 0-784 0-080 
0-020 é 0-528 0-016 
0-016 2 0-751 0-090 
0-086 . 0-346 0-094 
0-024 0-759 0-130 





ponent system UO,—-CuO-NiO-SO,-H,0O is shown in Fig. 1 by plotting the concen- 
tration of SO, on a logarithmic scale in the light- and heavy-liquid phases against the 


separate saturation molal ratios, myo,:M"go., Moyo: Mso,, and Myio: Ngo, also on a 
3 3 3 — 


logarithmic scale. These separate ratios would not be expected to fall on the same 
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view of the discussion in the preceding two paragraphs. The two average 


a light- and heavy-liquid phase in equilibrium are joined by connecting lines. 
nes are not tie lines in the usual sense as explained in the preceding paper.’ 
ta presented in Fig. 2 are derived from all of the data in Tables 1, 2 and 3, 


_ A 
Udtl« 


he exception of those designated with a question mark. The sum of the separate 


tios for UO,, CuO and NiO for each liquid phase in equilibrium is plotted 
the concentrations of SO, in that phase. Connecting lines are shown which 


C I 


ther the corresponding values in the two phases in equilibrium. Also in Fig. 2 


Compo brium in the two-liquid-phase region of the system 


UO,-CuO- NiO-SO, 


a 


D.O: X(m wi xide/Mgo,) against log mgog. 


; awn the best curves at 300, 325 and 350° derived from data for the separate, 
three-component system UO,-SO,-H,0.™ It is immediately evident that the sum of 
lal ratios in the four- and five-component systems falls very close to the curve for 
eavy-liquid phase boundary of saturation and near the curve for that boundary 
> light-phase. The behaviour of the heavy liquid phases in the four- and five- 
1ent systems is similar to that of the three-component system UO,-SO,-H,0O. 
Mg.) near 1-0 these phases approach compositions containing 

moles of H,O per mole of SO, as the temperature rises to 350° or above. 
The systems containing D,O. Equilibrium compositions for the analogous D,O 
‘e presented in Tables 4, 5 and 6 and are plotted in Fig. 3 as the sum of the 
saturation molal ratios against the concentration of SO, on a logarithmic scale. The 
ta are not as precise as the corresponding values in H,O solution. The sums 


ted markedly were for solutions containing NiO. They were derived from 
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data in Table 5 designated by question marks and not included in Fig. 3. The question- 


able values were averages of three or four samples and the spread in nearly all cases 


was approximately | per cent. At present we have no satisfactory exp!anation for this 
erratic behaviour. 
Acknowledgements—It is a pleasure to acknowledge the advice and encouragement of Prof. J. E. Ricct, 


New York University, and C. H. Secoy, Oak Ridge National Laboratory, during the course of this 


research 
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THERMODYNAMICS OF SOLUTION OF SOME 
INNER COMPLEX SALTS 


M. M. Jones. J. L. Woop and W. R. MAy 


Department of Chemistry, Vanderbilt University, Nashville, Tennessee 
(Received 29 June 1961) 


Abstract—An examination of the solubility behaviour of nine typical inner complex salts has been 
carried out. It is found that the solubility characteristics are quantitatively similar to solutions of 
organic compounds in organic solvents in at least some respects. In a few cases nearly “regular” 
solutions are found. Provisional values of Hildebrand’s solubility parameter, 6, have been determined 
for several of these compounds to assist in incorporating the prediction of their solubilities into the 
general pattern used for typical covalent compounds. Values of AF°, AH°, and AS° are tabulated for 


the systems studied. 


ALTHOUGH there is a large amount of free energy data on complexes of various sorts,"}?) 
the availability of enthalpy data on processes involving complexes is much more 
restricted.’ The present study was undertaken to evaluate the heats of solution of 
some typical inner complex salts in a few common solvents. While there are various 
scattered pieces of information on the solubilities of inner complex salts,‘ ) there has 
been no attempt to tie in their solubilities in the commonly used solvents with the more 
general, quantitative theories of solution. In the work described below, every attempt 
was made to select systems in which the solution process did not involve the rupture of 
chemical bonds within the complex. Contrary to popular opinion, inner complex salts 
need not necessarily be more soluble in organic solvents than in water. There are also 
inner complex salts which appear to be not very soluble in any solvent which is 
incapable of reacting with the complex in such a manner as to partially or completely 
destroy the complex (e.g. nickel(II) dimethylglyoxime). There also appears to be a very 
important dependence on the stereochemistry of the complex. Thus octahedral inner 


complex salts with large organic groups appear to be more soluble in typical organic 


solvents of low polarity than are square planar complexes with the same ligands. 


EXPERIMENTAI 
The solubilities were determined using a modified ALExtEFF’°’ procedure. The temperatures were 
controlled to within -+-0-01°C of the reported values. The samples were stirred vigorously and 
continuously. It was found that a steady concentration of the inner complex salt was attained within 
one-half hour. The compositions of the saturated solutions was determined by removing a sample 
through a filter into a pipette. A known weight of the solution was then carefully evaporated and the 
weight of the solute remaining was determined. Several samples were obtained for each measure- 
ment and the values reported in the tables are averages. The reproducibility of the values is of the 
order of -+-0:2 per cent or better. 
1) J. ByueERRUM, G. SCHWARZENBACH and L. G. SILLEN, Stability Constants (Two volumes). The Chemical 
Society, London (1956). 
2) K. B. Yazimirsky and V. P. VAsiLiev, Jnstability Constants of Complex Compounds. Consultants Bureau, 
New York (1960) 
3) K. B. YAZIMIRSKY, Thermochemie von Komplexverbindungen. Akedemie-Verlag, Berlin (1956); contains 
most of the data published prior to 1950. : 
+) Perhaps the largest systematic collection of such data is that given in W. C. FeRNELIus’ article on the 
metal acetylacetonates in Jnorg. Syntheses 5, 111 (1958). The general properties of these compounds 
are ably reviewed in B. O. West, Rez ure Appl. Chem. 10, 207 (1960). 
H. K. ZIMMERMAN, Chem. Revs 
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ybtained from the MacKenzie Chemical Works, Inc. 
where necessary. Some of the thorium 


od of YouNG and Kovirz'®’. The amino acid com- 


1 aqueous solution containing copper sulphate and 


rbonate. The copper complexes separated from 


INNER COMPLEX SALTS (MOLE FRACTION) 


her Nn 
CNnZCNC 


ed prior to use. The densities of the com- 
rd procedure. The removal of the solvent 
> solvent was never boiled. The possibility of loss 


yn is possible but extremely improbable in view 
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RESULTS AND DISCUSSION 
The results of these studies are presented in Table 1. All the data are cited as mole 
fraction of solute. Using these data, the heats of solution were determined from a plot 
of log X, vs 1/T, where X, is the mole fraction of solute present in a saturated solution 
at a temperature T’K. These plots were linear. In those cases where the inner complex 


TABLE 2.—TESTS OF IDEALITY AND SOLUBILITY PARAMETERS 





Density : m.p.) 
Complex Solvent ; 
(g/cm”) em 


u(valinate). Water Non-ideal* 20°48 
u(Phenylalaninate), Water Non-ideal 20-62 
u(% amino isobutyrate), Water Non-ideal 20-96 
u(glycinate), ‘174 Water 977 20-07 
‘u(alaninate), Water 394 20-02 
Fe(C;H-O.z), * 34 C,H, Non-ideal 7:17 
Fe(C;H-O,), +30 CCl, 143 ‘60 
Fe(C;H-O,)s +3 CHCl, ¢ 394 1-28 
Cr(C;H-O.)s “2 C,H, 315 ‘21 
Cr(C;H-Oz)s 2 CCl, 389 
Cr(C;H-Oz), 2 CHCl, 100 
VO(C;H-O,). ‘508 C,H, 1043 
VO(C;5H-Oz)>. 50% CCl, Non-ideal 
VO(C;H-O.). 508 CHCl, Non-ideal -90 
Th(C;H-;O,), "rts CHCl, z Non-ideal 7-49 





* The entry “non-ideal”’ in this column indicates that there is no temperature at which this condition 


is attained. 


salts have definite melting points, these graphs should extrapolate to X 1 (log X, 

0) when 7 = 7,,,, the melting point, if these solutions are literally ideal. The 
information collected from these graphs is summarized in Table 2. It can be seen that 
some of these solutions come as close to satisfying this particular criterion of ideality 
as many of the more extensively studied systems which contain purely organic 
components. It is more profitable to examine these solutions from the standpoint of 
their “regularity” as defined by HILDEBRAND." A regular solution is one for which 
the partial molal entropy of the solute is the same as it would be in an ideal solution 
but the partial molal enthalpy is not. Such solutions are generally found with mixtures 
in which there are no specific interactions between the species present. A typical 
example of a regular solution is that of iodine in carbon disulphide. Here the solute 
becomes infinitely soluble at a predicted temperature of 173°C, while the melting point 
of iodine is 113-5°C.9 Since this solution is usually considered to be reasonably 


‘regular’, the solution of ferric acetylacetonate in carbon tetrachloride may also be 


considered to be “regular” to a good degree of approximation. 

From the heats of solution calculated from the temperature variation of the 
solubility and the equilibrium constants for the solution reaction at 25°C, the standard 
free energies and entropies for the solution process were calculated. These results are 

® J. H. HILDEBRAND and R. L. Scott, The Solubility of Nonelectrolyt 


New York (1950) 
10), A. MoeLwyN-HuGues, Physical Chemistry, pp. 742 Pergamon Press, London (1957). 
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3. For purposes of comparison with the enthalpy changes obtained 

Ly cite the following heats of solution: anthracene in benzene, 5-282 kcal 
thalene in benzene, 2:340 kcal/mole; sucrose in water, 0-763 kcal/mole, 
10) When solid solutions such as these are considered it should be 
ideal heat of 


is the sum of the entropy of fusion and the entropy of mixing. 


solution for a solid is the heat of fusion and that the 


THERMODYNAMIC CHANGES FOR SOLUTION PROCESSES 


{ cal 
\F (kcal/mole) AH “(kez AS aOR 


deg. mole 


8-11 


1:72 


) determine whether these materials could be fit into the general pattern 
for non-electropytes, their solubility parameters were estimated. The 


s are defined by the equation 


RT In (a, Xo) Vub,7(0; 0)" 


the activity of the supercooled liquid solute at a temperature 7, V4, is the 


ume of the solute, ¢, is the volume fraction of the solute in the mixture, and 
the solubility parameters of the solvent and solute respectively.‘ 
for the inner complex salts were calculated by an iterative process involving 
lity data.“ The values of a, were assumed to be unity in each case. 

ues were obtained from Table | for all complexes except ferric acetylacetonate 
lyl acetylacetonate in benzene where the values were obtained by graphical 
V, was calculated from the measured densities listed in Table 2. 

from 4, V,/(44, + Xoo), using the experimental mole 

Y,, and the molal volumes of the constituents V, and V,. The values of 


he solvents were taken from the literature.’ The 6, values are listed in Table 2. 
readily be seen that these cover a significant range. This range spreads from the 
> compounds (n-heptane has 6 = 7:55 at 25°C; naph- 
9-9 at this same temperature) to high values for the copper(II) 
lexes with amino acids, values typical of solutes which possess very low 
NG, Treatise on Analytical Chemistry, Part 1, Volume 1, p. 681-4. The 

, New York (1959) 
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solubilities in typical organic solvents. A careful determination of 6 for water“ resulted 
in a value of 23-5 and showed that this value was slightly dependent upon the other 
species present in the system (e.g. from data on the benzene—water system 0 for water 
is 23-9). 

In conclusion it may be said that from the data collected here it may be expected 
that the general pattern of solubilities of inner complex salts will fit nicely into the 
broader theories of nonelectrolyte solutions due to HILDEBRAND.’ The fact that 
many inner complex salts are either highly polar or contain large opposed dipoles 
renders any general comparison with hydrocarbons or other slightly polar molecules 
an unacceptable oversimplification. It is reasonable to expect that when sufficient data 
become available the quantitative prediction of solubility for these materials can be 


put on as sound a basis as Is presently at hand for organic molecules. 


{cknowledgement—This work was supported by a grant from the U.S. Atomic Energy Commission, 
4 T-(40-1)-2676, for which we wish to express our gratitude. We also wish to acknowledge the 
helpful comments of Dr. K. K. INNES. 
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THE ION EXCHANGE AND OTHER PROPERTIES OF 
CERTAIN 12-MOLYBDOPHOSPHATES 


R. W. C. BROADBANK, S. DHABANANDANA and R. D. HARDING 
Leicester College of Tech 1ology and Commerce, 


Leicester, England 
(Received 11 May 1961; in revised form 4 July 1961) 
Abstract—Potassium, rubidium and caesium 12-molybdophosphates are all effective ion exchangers 


for the concentration of traces of caesium, strontium and yttrium from neutral solution, but retain 
only caesium in 2 M nitric acid. None appears to have any advantage over ammonium 12-molybdo- 


phosphate in this connection. Methylammonium 12-moly bdophosphates are poor exchangers for the 


cations studied. The molecular wieghts and solubilities of these 12-moly bdophosphates have also 


been determined. 


THE cation exchange properties of ammonium 12-molybdophosphate (AMP) have 
received a great deal of attention in recent years, and the considerable selectivity of the 
compound for the heavier alkali metals, especially caesium, under the appropriate con- 
ditions have been amply demonstrated.” It has been employed to separate alkali 


(3) 


metal cations from others and from each other,’ and a method for the assay of 
caesium-137 in rain water, based on AMP has been proposed.“ 

Some of the advantages over organic resins shown by AMP as a cation exchanger 
are that it shows negligible shrinkage over various experimental conditions, it is cheap, 
readily available and easily prepared in any laboratory. Where an ion is difficult to 
elute (e.g. caesium, under many circumstances) the AMP may be dissolved in ammonia 
and the cation recovered by normal chemical procedures. On the other hand there is 
the disadvantage that a column of the material is almost impervious to liquids; in 
order to provide porosity, the addition of asbestos has been recommended. An alter- 
native procedure, especially useful for analytical applications, is to use a shallow packed 
bed of the preformed material supported on a filter paper in a small demountable 
funnel; any active material removed from solution may be assayed by carefully 
dismantling the funnel and counting the filter paper and precipitate. 

In view of the interest shown towards AMP it appeared worth while to prepare and 
examine alkali metal and alkylammonium molybdophosphates, some of which have 
similar ion exchange properties, and to ascertain whether any of them possess special 
advantages in the separation of tracer quantities of the main radioactive cations in bio- 
logical materials. 

EXPERIMENTAI 
Preparation of materials 

AMP was prepared by adding 1 ml of concentrated nitric acid and 0-5 g of ammonium nitrate in 
approximately 7 ml of distilled water to a solution containing 6 mg of phosphate ion, as ammonium 
1) J. VAN R. Smit, Nature, Lond. 181, 1530 (1958). 

2) J. VAN R. Smit, W. Ross and J. J. Jacoss, Nucleonics 17, 116 (1959) 


3) G. ALBERTI and G. GRASSINI, J. Chromatog. 4, 423 (1960). 
1) R. W. C. BROADBANK, S. DHABANANDANA and R. D. HARDING, Analyst 85, 365 (1960). 
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4 3 ml portion of 10 per cent ammonium molybdate solution was then 
as placed in a water bath at 80°C for 20 min. After cooling, the precipitate 


lophosphate (K MP) was prepared by adding 2 ml of 15 per cent potassium 


a hot solution of potassium dihydrogen orthophosphate containing 7 mg of 
‘i 


assium nitrat 


ite < 2 ml of concentrated nitric acid. After standing ina 
nd cooling, the KMP was separated by filtration 


1 and caesium 12-molybdophosphates (RMP and ¢ MP, respec- 
hophosphate was used (6 mg and 4 mg phosphate ion for RMP and 


tation carried out with 2 ml of 15 per cent sodium molybdate solution 
1 


entratec 


nitric acid and 25 mg of either rubidium chloride or caesium 

1. a boiling water bath, but CMP was precipitated at room temperature 
1 before filtering 

bdophosphates were precipitated at 90-100 C by 15 per cent sodium 

tions of sodium dihydrogen orthophosphate containing 6 mg of phos- 

litric acid and the appropriate alkylammonium ion (methyl- 

im 55 mg, trimethylammonium 40 mg, or tetramethylammonium 


' : 
pitates were filtered off 


Molecular 
4 Baill | 1 wt 
Molybdophosphate Molecular 
calculated 
(mg) weight : 
: ‘ from 


formula 


K MP) 1940 
RMP 2079 
CMP) 1-061 2223 
PMo,,.O 
PMo,.O 


1919 
1961 
), PMo,.0, 
O, 


2003 


ng a known weight of orthophosphate ion labelled with 
> phosphate precipitation through the label, weighing the 
and calculating the weight containing one atom of 
arried out with a liquid Geiger counter of the type described by VEALL. 
quoted are based solely on the counting data. Results are shown in Table 1 
tit 


y agitating, in a thermostat, a molybdophosphate prepared from a 
hate labelled with phosphorus-32, and 100 ml of the appropriate 
ere then counted. Results are shown in Tables 2 and 3. 

were investigated both by measuring the distribution of the appro- 

he molybdophosphate and the liquid in which it was suspended 

measuring the amount of labelled cation removed from 10 ml 

bed of approximately 120 mg molybdophosphate 
r demountable Buchner funnel (“packed-bed method”’). 

f the alkylammonium 12-molybdophosphates made difficult the 

y results obtained by the distribution method are reported for these 

Tables 4A—4D, inclusive. 

rontium and yttrium by alkali metal 12-molybdophosphates was 


th a mixture of labelled cations (microgram quantities of caesium 
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and yttrium and 0-9 mg of strontium), washing with distilled water, eluting strontium with successsive 
10 ml portions of 0-1 M nitric acid and yttrium with 10 ml portions of 2 M nitric acid, leaving caesium 
on the bed. In all cases the eluates were allowed to stand for 15 min before counting to allow decay of 


barium-137 m (the daughter of caesium-137). 


TABLE 2.—SOLUBILITIES AT 20°C 


, : Solubility 

Compound Solvent ; A 
(g-mols. 10°/litre) 

Distilled water 16 0-9 

0-1 M nitric acid : 0-9 


Distilled water 1-9 
0-1 M nitric acid 2:0 


Distilled water 3 0-05 
0-1 M nitric acid 8-1 0-05 


Distilled water Below 2 
0-1 M nitric acid 4:2 


Methylammonium MP Distilled water 
0-1 M nitric acid 


Dimethylammonium MP Distilled water 
0-1 M nitric acid 


lrimethylammonium MP Distilled water 
0-1 M nitric acid 


letramethylammonium MP Distilled water 
0-1 M nitric acid 





TABLE 3.—SOLUBILITY OF AMP AT 20 C IN 2M NITRIC ACID 
IN THE PRESENCE OF ADDED SALT 


Solubility of AMP, 
-mols. 10°/litre) 





Added salt ( 


Qo 


> M lithium nitrate 
> M sodium nitrate 


l 
*M potassium nitrate 5:1 
*M rubidium nitrate 3 

’M caesium nitrate below 


M strontium nitrate 





The separation on KMP is shown in Fig. 1. Similar results were obtained with AMP, RMP and 
CMP. 


Tracers used 


Caesium was labelled with caesium-137,strontium with strontium-89 and yttrium with yttrium-91. 
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ATIONS FROM SOLUTION 


0-1 M nitric acid solution 


iter solution 


Packed bed Distribution Packed bed 
method method* method 


L100 99-6 


24 


9sS:: 


REMOVAL OF CATIONS FROM SOLUTION BY 
{OLYBDOPHOSPHATES (DISTRIBUTION METHOD) 


Distilled water 0-1 M nitric acid 


solution (25 ml) solution (25 ml) 
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DISCUSSION 

AMP, KMP, RMP and CMP are all effective ion exchangers for the concentration 
of traces of caesium, strontium and yttrium from neutral solution, but retain only 
caesium in 2M nitric acid. This property is useful in the separation of microgram 
quantities of these elements from each other. In particular the concentration, for 
assay purposes, of caesium-137 from rain water or biological materials is greatly 
facilitated by AMP (which is probably the most readily prepared of the compounds 
examined, and appears to be in no way inferior to the others), especially since the 


presence of a large excess of potassium does not interfere. 





2M n 


Fic. 1.—Separation of caesium, strontium and yttrium with K MP. 


While the solubility of AMP in 2 M nitric acid is considerable, a large reduction is 
brought about by the presence of a small concentration of various cations (Table 3). 
The molecular weight of AMP is high, and the approximately 120 mg portions used 
for solubility determinations represent only about 6-4 x 10-° g-molecules. In 100 ml 
of 1-4 x 10-* M cations there are 14  10~®° g-ions, which is more than double the 
amount of AMP present. When equilibrium is reached a considerable fraction of the 
ammonium cations of AMP have been replaced by others, with an accompanying de- 
crease in solubility to a sufficiently low value to enable the material readily to be used 
for ion-exchange purposes. 

From Tables 4A, 4B and 4C it will be seen that strontium is removed from solution 
more readily by the packed bed method than by the distribution method. The 120 mg 


sample, spread out over approximately | in. diameter is evidently functioning as a 
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column. Caesium and yttrium are removed from solution so readily under these con- 
ditions that even the distribution method gives almost complete efficiency. 
[he alkylammonium 12-molybdophosphates are very inferior to AMP etc so far as 
retention of caesium, yttrium and strontium are concerned. 1 etramethyl- 
nonium 12-molybdophosphate is a much more bulky precipitate than AMP, and 
‘mbles quinoline molybdophosphate in appearance and ion exchange properties, 
ing little tendency to take up cations of the alkali metals. 


] 


ild like to thank the International Atomic Energy Agency for 


me and granting a fellowship, and Chulalongkorn University, 


r the opportunity to study abroad 
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THE SILVER-ANILINE SYSTEM 


E. BRUNINX 
CERN, Geneva, Switzerland 


(Received 6 February 1961; in revised form 12 July 1961) 
\LTHOUGH extraction procedures for many elements have been devised, relatively 


few data on the extraction of silver are available. Diethyldithiocarbamate™ and 
dithizone‘” are the most commonly used reagents. The distribution of silver between 


an aqueous phase and an organic phase containing olefines has been studied. They 


do not have any use as a pure solvent extraction method. 

One of the earliest papers on the silver—aniline system was published by FRUMKIN 
and KULVARSKAYA.) They determined the distribution coefficient for six different 
silver concentrations. Further work on the silver—aniline system has been done by 
Gocumsic and by ANDREWS and Keerer.“® Fyre prepared silver compounds with 
acridine, quinoline, isoquinoline and pyridine; some of them might be soluble in 
organic solvents.) The high solubility of silver perchlorate in benzene has also been 


pointed out.’ A few other solvents have been proposed as possible solvent extraction 


systems, without any details on the distribution coefficient.{?~ 


Due to the extreme simplicity of the silver—aniline system, a more detailed study 
has been made. The effect of substituted anilines as well as the behaviour of other 
elements has been examined. 


EXPERIMENTAL TECHNIQUI 
1) Radio-silver solutions 
All distribution coefficients have been measured radiometrically by means of ''°Ag(half-life 
270 days). The active silver was supplied as silver metal by the Radiochemical Centre, Amersham. 
Che solution used throughout the work was prepared by dissolving the silver in nitric acid. The 
concentration of this stock solution was computed to be 7:4 10°° M from the initial quantity of 


metallic silver taken 


(2) Procedure 

[wenty ml of a buffer solution of known pH, 5 I of the radioactive silver stock solution (by ultra 
micropipette), and 20 ml of aniline were put in a 50 ml screw-cap vial. The mixture was then shaken 
for 30 min and the phases allowed to separate for about 1 hr. From each phase an aliquot of about 
5 ml was then taken, centrifuged, and 2 ml of the clear solution (organic or aqueous) was pipetted into 
a small 5 ml screw-cap vial, and the activity determined with a well-type Nal(TI) crystal. 


H. Bove, Z. Analyt. Chem. 144, 165 (1955). 

H. FRIEDEBERG, Analyt. Chem. 27, 305 (1955). 

S. WINSTEIN and H. Lucas, J. Amer. Chem. Soc. 60, 836 (1938). 

A. FRUMKIN, R. KULVARSKAYA, Z. Anorg. Chem. 38, 278 (1924). 

C. Gocumsic, J. Amer. Chem. Soc. 74, 5777 (1952). 

L. ANDREWS and R. KeerFer, J. Amer. Chem. Soc. 71, 3644 (1949); 72, 3133 (1950); 74, 640 (1952), 
A. Fyre, Nature, Lond. 169, 69 (1952). 

A. E. Hitt, J. Amer. Chem. Soc. 44, 1163 (1922). 

M. ZIEGLER, Angew. Chem. 70, 745 (1958). 

M. ZIEGLER, Naturwissenschaften 42, 622 (1958). 

H. Specker and H. HARTKAMP, Naturwissenschaften, 43, 516 (1956) 
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sed were Merck analysed. The buffer solutions were prepared from CH;COONa- 


fraction of the aniline was 1-583 at 20 C 


1CH,COOH. The index of refr The aniline was not 


RESULTS AND DISCUSSION 


yf equilibrium 
firmed by varying the equilibration time from 0-5 to 60 min: no 


conti 

nge in the distribution ratio was observed. Repeated extracting of an 
nic phase with fresh, aqueous phase yielded in all cases a constant distri- 
Besides the total silver concentration of the organic and aqueous phase 


late appreciably from the total quantity originally added. 
> that equilibrium is quickly established and that no 


herefore conclude 


1dsorpt yn occurs. 


7 


4 4 . » ¥ . » fs a 
action as a function of initial pH 


these extractions the ionic strength was kept at u Q-2 and the initial pH 
-n 3-64 and 7:74. Lower pH values were not used due to the high solu- 
the aniline. The precipitation of silver set a limit at the higher pH values. 


value of D* and the standard deviations are presented in Table 1. 


TABLE 1 DISTRIBUTION RATIO OF SILVER AS A FUNCTION 
OF INITIAL pH 


pH 


| pH and varying ionic strength 


] 
int initial / 


[In the earlier phases of the work, greatly varying values of the distribution ratio 


were found from one buffer mixture to another. It appeared that the ionic strength 
tion played an important role in the distribution of silver between aqueous 
[his factor was examined by keeping the initial pH at 4-00 and 
to 6, by increasing the concentration of 


)] 
nase. 

ynic strength (u) from 0-2 

acid in the buffer mixture. The final pH in all these cases 


5-34. The results are summarized in Table 2. 


lifferent concentrations 


tion ratio of silver at different concentrations does not yield any 


‘mation. Without keeping the ionic strength constant, the distribution 


~ ‘ 


> 
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ratio increases regularly with increasing silver concentration in the aqueous phase, in 
accordance with the experiments at varying ionic strength. By adding KNO, to the 
aqueous phase in order to keep the ionic strength as constant as possible, no well- 
defined tendency was observed and the distribution ratio appeared to be constant. 
The reproducibility in these experiments was rather bad as in all extractions at higher 
ionic strength. 
TABLE 2.—DISTRIBUTION OF SILVER AS A FUNCTION Of} 
4-00 


IONIC STRENGTH AT INITIAL pH 


Ne NO No 


~ 


4 
7) 


t 
t 


(5) Behaviour of different substituted anilines 


A few aromatic amines, mono amines, diamines and substituted anilines were 
tested with respect to their silver extraction capacities. The compounds tested were: 
o-toluidine, m-toluidine, 2°5 dimethyl aniline and 2-6 dimethyl aniline. At higher 
ionic strengths the distribution ratios vary appreciably from one determination to 
another (as much as 20-30 per cent). The main reasons for this are the difficult 
separation of the phases and emulsification. The results are plotted in Fig. 1 and 
Fig. 2 together with those for aniline. The 2:6 dimethyl aniline yielded low distribution 
ratios in all cases. 

All three substituted anilines behave similar to the unsubstituted aniline: the 
distribution ratio increases with increasing ionic strength and initial pH value. At a 
given initial pH, however, the D values vary strongly from one solvent to another. 
This is to be expected as the place of the CH, group will strongly influence the ability 


to co-ordinate with a silver atom. 


(6) Extraction of silver at different molarities of aniline 

An exact study of the composition of the extracted complex is not possible due to 
the many unknowns. The existence of a finite equilibrium between the silver and 
acetate ions further complicates the analysis. For these reasons the variation of the 
distribution coefficient as a function of the amine concentration was only crudely 
examined. 

Three cases were studied (see Fig. 3): (i) Initial pH = 4:00; uw = 0:2. (ii) Initial 
pH = 66; w= 0:2. (iii) Initial pH = 4:00; « = 6. The aniline was in all cases 
diluted with butylacetate. The final pH was not measured in these experiments. 

All three curves present a break at about | M aniline concentration. Below this 
point all three curves present about the same slope ~1:5. Above this value with 
initial pH 4-00 and 6:0 (u = 0:2) a slope of three is found. At initial pH 4-00 


(u 6) this value is considerably lower. 
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is a function of the aniline concent 


EXTRACTION OF DIFFERENT ELEMENTS 
WITH ANILINI 
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Back extraction 

\ few trials were carried out to re-extract the silver into the aqueous phase. 
Aniline phases containing silver were contacted for a few minutes with (a)2 M NH,OH 
and (b) | M KCN. In the first case 94 per cent and the second 99-8 per cent, was 
extracted into the aqueous phase. Back extraction in acid media is not feasible of 


course. due to the solubility of aniline. 


, 1 
(8) Behaviour of other elements 


The extraction of other elements besides silver was examined having 20 ml of 
buffer mixture of initial pH = 5-40 (u = 0-2) and 10 wl of tracer of the element 
oi] 
4 


equilibrated for 30 min with 20 ml of aniline. The results are given in Table 3. 


ments—I wish to thank Prof. W. W. MEINKE for making laboratory facilities available, 
versity of Michigan and the Michigan Memorial Phoenix Project for support of the earlier 


ork, which was concluded at CERN. The help of E. MARTIN in the last phase is greatly 
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EQUILIBRIA BETWEEN TRI-N-OCTYLAMINE 
AND SOME MINERAL ACIDS 


U. Bertocc! and G. ROLANDI 
Laboratorio di Chimica del Centro di Ispra, Varese, Italy 


(Received 5 June 1961; in revised form 6 July 1961) 


Abstract—Tri-n-octylamine dissolved in xylene was equilibrated with aqueous solutions of nitric, 
hydrochloric, hydrofluoric and sulphuric acids, and the acid and water contents were determined in 
the organic phase. The experiments were performed at several concentrations of amine and of acids. 

The results show that the acid concentration in the organic phase at equilibrium is generally 
higher than that necessary to convert all the amine into the corresponding salt. Third phase formation 
was only found for certain equilibrations with sulphuric acid. The solubility of water in the organic 
phase was found to be small. 


THE extraction of inorganic acids by long chain aliphatic amines dissolved in an organic 
diluent has been described in several recent papers, following the work of SMITH and 
Pace”, and Moore has briefly described the possibility of using the process for the 
extraction of many different inorganic and organic acids. WILSON"), in studies of the 
extraction of Pu from nitric acid solutions, gives values for the extraction of HNO, into 
tri-n-octylamine (TOA). Bertocci™, and CARSWELL and LAWRENCE"), give the 
equilibrium curves for nitric acid and both tri-isononylamine and tri-iso-octylamine up 
to 10 M aqueous concentration, showing that the amine solution extracts nitric acid in 
excess over that required for formation of the amine nitrate. 

The extraction of sulphuric acid has been studied by several workers. ALLEN‘® 
published data on equilibria between H,SO, and both TOA and di-n-decylamine 
(DDA), particularly as regards the ratio amine sulphate/bisulphate as a function of 
aqueous H,SO, concentration. McDoweLt and Bags? reported similar work for 
DDA and H,SO,. Borris published data on the equilibrium between TOA and 
H,SO, up to 2 M aqueous acid and investigated the conditions for converting the 
amine completely into bisulphate. 

BizoT and TREMILLON® studied the extraction of HCl into TOA at moderate 


aqueous acid concentrations, and interpreted the results in terms of formation of the 


hydrochloride in the organic phase. 
Finally, JENKINS and WAIN”®) demonstrated the conditions for third phase forma- 
tion in equilibrations between acids and various amines. 


1) E, L. Smitu and J. E. Pace, J. Soc. Chem. Industry (London), 67, 48, (1949). 
2) F. L. Moore, Analyt. Chem. 29, 1660 (1957); ORNL-1314 (1952). 
3) A. S. WiLson, Proceedings of the Second International Conference on the Peaceful Uses of Atomic Energy, 
Geneva 1958. p. 544, United Nations (1958) 
) U. Bertocci, AERE/R 2933 (1959). 
D. J. CARSWELL and J. J. Lawrence, J. Inorg. Nucl. Chem. 11, 69 (1959). 
®) K. A. ALLEN, J. Phys. Chem. 60, 239, 943 (1956). 
W. J. McDoweE Lt and C. F. Bags, J. Phys. Chem. 62, 77 
{8) C, Borrte, Bull. Soc. Chim. France 8—9, 980, 1088 (1958). 
®) J. Bizot, B. TREMILLON, Bull. Soc. Chim. France 1, 122 (1959). 
0) 7]. L. Jenkins and A. G. Wain, AERE/M-537 (1959). 
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however, 1 ‘ms that information on the 


d 


; at high concentrations, as well as data 


was therefore decided to carry out a 


en HNO,, HCl, | 


iF and H,SO, up to 


luted with xylene. 


.A, with a nominal 
1 ind la 


ated 


, the s 


were in good 


the acid with excess alkali, and titration 


glass electrode and S.C.E. reference electrode, 


ectrode reached equilibrium dly and gave 


rapl 
0-001 M for 0-01 M TOA solutions, 


letermined by the Karl Fischer titration, using the 


s from +0-005 M for the lowest TOA concentra- 


0-2 and 0:5 M) were prepared, and aqueous solutions 


Each solution was equilibrated with aqueous solutions of the 
nic/aqueous ratio of 2:1. A mixing time of 5 min 
ochloric and hydrofluoric acids. But for equilibrations 
5 chosen. 
centrifuging. Settling is fairly rapid when the pH of 


ver the range of TOA concentrations used in this work. 


EXPERIMENTAL RESULTS 


ients was carried out to check the stability of the TOA solutions 


attack by the acids. For this purpose, samples of a 0-2 M 
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TOA solution were contacted with each of the acids studied at concentrations of 2 M 
and 8 M. After 15 days’ standing, the organic phase was washed with NaOH and the 
TOA titre checked; the results showed that the molarity of the amine was unchanged 
within the limits of experimental error. 


(2) Titrations in non-aqueous media 
Fig. 1 shows titration curves for HNO,, HCl and H,SO,. The curves for HCl and 
HNO, are of the same shape, with two inflections due to the fact that both solutions 


Fic. 1 


contain more acid than that corresponding to formation of the amine salt. The 
first inflexion corresponds to neutralization of excess acid and the second to neutrali- 
zation of acid combined with the amine; the difference between the titres gives the 
molarity of the amine itself. 

The titration curve for the TOA solution equilibrated with H,SO, is more complex, 
showing three inflexion points; in this case also the organic phase contains excess sul- 
phuric acid above that corresponding to the stoichiometric TOA acid sulphate. By 
comparison with the other titration curves, it may be shown that the first inflexion 


corresponds to neutralization of excess H,SO,, and the second and third to neutrali- 


zation of combined acid in two stages via the amine bisulphate. 
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Equi hrations 
lhe experimental results for the four acids are given in Tables 2, 3, 4 and 5, which 


show for each equilibration the molarity of TOA, of acid, and of water in the organic 


phase, as well as the molarity of the acid in the aqueous phase. 


TABI EXTRACTION OF HNO, AND WATER INTO PURE XYLENI 





0-001 7-9 8-7 9-7 
0-001 : 0-008 0-022 0-032 
0-006 0-008 


EQUILIBRATION OF TOA SOLUTIONS WITH AQUEOUS HNO, 


(HNOs)aq (HNO.),., (HNOs)ore (HO)oes (HNOs)ore 


(M) (M) (TOA) ore (M) (H,O)or¢ 


0-01 0-010 
35 0-014 
0-022 

0-027 

0-021 

0-025 

0-031 

0-050 

0-057 

0-050 

0-065 

0-110 


rimental values are of the same order of magnitude as the 


As pure xylene extracts some HNO, and water, the values reported in the tables are 
corrected by subtracting the amounts given in Table 1, taking into account the molar 
ratio of xylene in the organic phase. No corrections are applied for the extraction of 


the other acids into xylene, since the amounts are negligible. The amount of water ex- 
tracted by pure xylene contacted with HCl, HF and H,SO, is independent of the 
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TABLE 3.—EQUILIBRATION OF TOA SOLUTIONS WITH HCl 





(TOA) ore (HCl) org (HC))or¢ (H,O)or- (HCDo.. 


(M) (M) (TOA) org (M) (HO) ore 
0-0095 8 0-0095 0-015 0-6 
0-0095 3°5: 0-0095 ‘ 0-015 0-6 
0-0095 0-012 * hee 0-01 1-2 
0-:0095 ia 0-014 “45 0-015 0-9 
0-0095 8-75 0-016 0-01 
0-020 "ka 0-020 0-02 
0-020 > 0-024 0-015 
0-020 8°: 0-034 *] 0-015 
0-049 y 0-049 0:04 
0-049 3° 0-050 ' 0-04 
0-049 ‘78 0-056 “1! 0-04 
0-049 9! 0-070 ‘45 0-04 
0-049 ° 0:08 

‘100 0-10 

‘100 ' 0:10 : 0-095 

‘100 e 0-11 0-10 

100 a 0-125 0:10 

‘100 ]: 0-15 4 ‘10 

‘100 23 0-17 ‘10 

‘197 0-20 ‘17 

‘197 0-20 ‘0! ‘18 

‘197 5: 0-24 ‘2 ‘19 

197 ‘8 0-29 ‘4! ‘19 

‘197 1s 0-33 : ‘18 

0:50 
0-51 
0-55 
0-63 
0-72 
0-83 








4.—EQUILIBRATION OF TOA SOLUTIONS WITH HI 





CHP hice (HF)... (HO) or¢ 
(M) (TOA) org (M) (H2O)org 


— 
a) 
4 


0-010 ; 0-007 
0-010 ‘95 0-021 
0-010 0-027 
0-010 0-029 
0-010 ; 0-033 
0-100 0-06 
0-100 ‘85 0-21 
0-100 i 0-28 
0-100 5°58 0-30 
0-100 ' 0-33 
0-51 0-25 
0-51 1-0 
0-51 ra 1-4 
0-51 af 1-5 
0°51 ;. 1-7 


~0 


Nm NN 


0-005 


ee Ww 


0-035 
0-03 
0-035 


~A wh Wh 


~ 


0-08 
0-06 


~wanNnenN — 


0-06 
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; acid concentration, and the corrections applied were 0-012, 0-013 and 0-015 
the ratios (acid),,./(TOA),,. and (acid),,,/(H2O),,, 


‘id a curve was drawn showing the ratio (acid), 


he aqueous acid molarity (Fig. 2, 3, 4 and 5). 


N OF TOA 





(H.SO,)ore : ‘ (H.SO,) 
(M) * (HO) org 


0-007 
0-008 8 0-007 
0-009 
0-0095 0-008 
0-010 | 0-007 
0-011 . 0-006 
0-014 
0-015 -§ 
0-015 0-011 
0-018 
0-019 0-012 
0-025 ; 0-011 
0-027 
0-040 0-03 
0-045 0-025 
050 
055 . 0-025 


librating TOA solutions with sulphuric acid, two organic phases are formed 


rOA and aqueous H,SO, concentrations. In the presence of a third phase, 
es univariant at constant temperature and pressure, and for each 


us H,SO, concentration, the composition of the two organic solutions is fixed. 


idth of the region within which TOA solutions in equilibrium with aqueous 
produce two phases can be deduced approximately from the compositions of 
> solutions shown in Table 6, which also gives some results showing how 
‘third phase formation varies with the temperature. As the separation of 


1e two conjugate phases is rather slow, particularly when their compositions differ 
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[HNO,], 


Ratio TOA]. YS: Aqueous HNO, concentration 
| 


at eq 











TABLE 6.—COMPOSITION Of} CONJUGATE ORGANIC PHASES FORMED ON EQUILIBRATION 


OF TOA SOLUTIONS WITH H,SO, 





Light phase Heavy phase 
Temp | (H:SO,)a, 
(°C) (M) (TOA) org | (HeSO,g)ore (TOA) ore ((H.SO,),, (TOA) ors 
(M) (M) (H:OS,) ore (M) (H:SO,) ore 
0-11 0°16 : 0-81 
0-035 0-055 “5 ‘7 


1-15 


0:20 
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aqueous H,SO, concentration at equilibrium. 
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only slightly, the absence of third phase formation, even after three days’ standing, can- 
not be taken as proof of the thermodynamic stability of the system. 

Table 7 gives the results of some specific gravity determinations of the organic phases 
after equilibration with H,SO,; the measurements were carried out at 25 + 1°C. 


TABLE 7.—DENSITY OF ORGANIC PHASES EQUILIBRATED WITH H,SO, 


(TOA) ore (H,SO,)ors D 25 
(M) (M) (g/cm® 





0-855 

0-880 

“ 0:884 
0-5 el 0-887 
0-195 0-860 
0-195 0-875 
0-195 ; 0-878 
0-195 ; 0-880 
0-100 0-865 
0-100 07 0-869 
0-100 ‘ 0-872 
0-100 14: 0-975 
0-11 ‘ 0-869 
0:56 8 0-835 
0-035 55 0-865 
0-873 


DISCUSSION 

rhe results of the equilibrations show that all the mineral acids investigated tend 
to dissolve in the organic phase formed by the amine salt dissolved in xylene. 

This tendency is the greatest for nitric acid, the ratio (HNOs),,./(TOA),,.. being 
more than one at relatively low aqueous HNO, concentrations. This ratio increases 
linearly with the aqueous HNO, concentration, and is independent of the organic amine 
concentration. It is therefore impossible to formulate a particular complex between 
amine and acid having a definite stoichiometric ratio in the organic phase. The ratio 
of acid to amine is similar for different amines having analogous formulae, as inferred 
by comparison with other published results. 

The constancy of the ratio between the acid and amine concentrations in the or- 


ganic phase at constant aqueous acid concentration is a general feature for all the acids 
studied, but the quantitative behaviour of the different acids varies, e.g. HCI begins to 


dissolve in the amine hydrochloride only at aqueous concentrations higher than 3-5 M. 

Phe curve for H,SO, is more complex: below aqueous concentrations about | M, 
the organic phase contains both sulphate and bisulphate in various proportions, where- 
as above that value only bisulphate is present. The curve is also valid above the point 
where two organic phases appear, since in each of them the ratio is the same. 

In the case of hydrofluoric acid the curve differs from those for the other acids, the 
solubility of the acid in the organic phase is higher than for the other acids, probably 
because of the tendency of HF to polymerize, and rises very rapidly up to aqueous con- 
centrations about | M, and then more slowly. In equilibrium with a 0-2 M aqueous 





Bertoccl! and G. ROLANDI 


vy converted into salt, since HF is a weaker acid than the 


rd pl 


ase formation occurs only with sulphuric acid; 


rone in which certain TOA solutions cannot exist as 


t por: 


lly vanishes on raising the temperature to 


Lidl 
superiority of aromatic diluents over the ali- 
ation is concerned. 

ileductions from the water content of the organic 
but from the values of the ratio of acid 
‘lusions may be drawn. For HNOs, a 


h the acid. about one mole of water for every 


1 


it appears that each mole of amine hydrochloride 


le the excess HCl is anhydrous. In the case of 


* water is associated with two moles of amine bi- 


being anhydrous. For HF, the only conclusion which can 


ly 


Si 


oh 


1 


tly soluble in the organic phase. 





THE VISCOSITY OF LIQUID METALS AND AN 
EMPIRICAL RELATIONSHIP BETWEEN THEIR 
ACTIVATION ENERGY OF VISCOSITY AND 

THEIR MELTING POINTS® 


Abstract 


VISCOSII 


permits 

for which the 
All 

relationshiy 


THE metals, from | 
80 per cent of all kno lements. has been shown recently that their liquid 


temperature range, 1.¢., r respective melting points to their 


P « a. _ smantasw th  —_— hae . , ma _ la P 1 nee 
oInts, are greater by fa ian thos f any other class ubstances. As 
t 


critical points, 


monatomic elementary substances they are more amenab theoretical treatment 


the liquid VI ) ; f the latter shows a Very 


great temperature dependence. In the case of the metals the change is much less 


than more complex molecules. Thus 


dramatic. 

\ll available data on the viscosity of metals are plotted in Fig. 1, the round points 
showing the experimental range. The experimental data for most metals were 
obtained from the Liguid Metals Handbook, Edition | and 2. Additional data were 
taken for gallium™ and tin. 

A\NDRADE’S simple formula expresses the relationship between the viscosity, 


and 7, in “K., as follows: 
a.exp(H,/RT) or 


i 


] 


1O2,, da, 


letails see report of A. V. Grosse, “ 


High Temperat ,’ The Research 

sROSSE, J. /norg. Nuc hem. 22, 23 (1961). 
R. N. Lyon, (Editor in Chief), Liguid-Metals Hand 
Properties of Liquid Metals, Office of Naval Research, 
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where a is a constant (in poises) and H, the energy of activation for viscous flow, 


ncal/g at. The constants a and H. for seventeen different metals have been calculated 


all available data and are given in lable 1. As can be seen from Fig. 1, the 


es of log, 7 all fall on straight lines when plotted against 1/T. 
¥y a [wiestit | 
i} 


t + 
O 4 





000/ T 
Fic. 1 V SCOsity of metals. 
A more accurate viscosity formula takes cognizance of the change of density or 
specific volume with temperature and is also due to ANDRADE"? (/oc, cit. p. 704): 


y.1 a’ . exp (c/vT), 
where v is the specific volume at the temperature 7. 

From the theoretical standpoint it would be simpler to discuss the viscosity of 
metals at constant volume. Practically, over any reasonable temperature range, it 
would require very high pressures to keep the volume of the liquid metal constant and 
thus cannot be readily realized experimentally. We will therefore restrict ourselves to 


VISCOSITY at constant pressure (1.e., 1 atm). 
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Furthermore, since the change in density or specific volume with temperature is 
comparatively small, i.e., of the order of a few per cent, we will use ANDRADE’S 
first formula, which is sufficiently accurate for our purposes. 


TABLE 1.—VISCOSITY CONSTANTS, H, AND @, OF ANDRADE’S VISCOSITY EQUATION, 
Nr = aexp (H,/RT) (poise) AND THE MELTING POINT OF METALS, 





Metal Tx Constant H 

(*K) a (poise) (cal/gm atom) 

Hg . 5- ee 600 

Cs : -] -135 .10-* 1060 

io 955 

ie 1230 

0-659 . 10-* 1433 

0-787 . 10-3 1625 

3-020 . 10-8 1590 

1-590. 10-4 1220 

3-843 . 10-3 1740 

3 _ 1770 

2 . 10 2040 

Pb . 10-* 2295 

Zn ‘085 . 10-3 2950 

Sb ‘797 . 10-3 2970 

Ag 2 ie 4690 

Cu 35 wer? 3680 

Fe 12 16-060 . 10 5070 

W (est.) 3650 oS .1¢* ~7400 





Empirical relationship between the activation energy of viscosity and 
the melting point of the metal 
From the standpoint of inorganic chemistry we are interested in estimating, in a 
general way, the viscosity of any metal over a wide temperature range and finding any 
kind of relationship between viscosity and the other physical properties of the element. 
The theory of the viscosity of liquids has been developed, among many others, 
by EyrinGc. EyRING’s viscosity theory is based on his theory of absolute reaction 
rates; his expression for 7 is: 


d\? 
y (=) .n.h.exp (H,/RT) 


where 0 is the distance between molecular layers and for simplicity is assumed to 


! ; d\* ; 
equal d, the distance between crystal lattice points, (thus (5) ~ 1),n, the number of 
if 


atoms/cm*, 4 = Planck’s constant and H, is the free energy of activation for viscous 
flow, obtained from the slope of the logarithm of experimental viscosity data against 
1/T. 

According to EyRING’s views H, is proportional to the energy of vaporization, 
AU yap. = AH yap. — RT, since the processes are very similar. In many cases,‘® that is, 


7) H. EyrinG, J. Chem. Phys. 4, 283 (1936); see discussion of Eyrinc’s theory in book by J. O. Hirscu- 
FELDER, C. F. Curtiss and R. B. Birp, Molecular Theory of Gases and Liquids, pp. 624-630. J. Wiley, 
New York (1954). 

5) J. F. Kirncaip, H. EyrinG and A. E. STEARN, Chem. Rev. 28, 301 (1941). 
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where A is the atomic weight and V, the liquid atomic volume at the melting point, 
r 

Coupled with the first mentioned H, vs. melting point relationship, i.e., Fig. 2, 
the viscosity of any metal with a closely packed crystal structure can be estimated 
without any experimental viscosity measurements by combining ANDRADE’S above 


formula with the new H, vs. T,,,. relationship. 


Ha/ RT 
/j 





Hy, activation energy of viscosity vs. Tm.p. 


The constant a in ANDRADE’S simple or first formula (se 
expressed in terms of his above 7,,. formula. 
he constant 
o7 1 ° 
i. 4/14 . teed 


i , ) exp (H,/RT,»,) 


since at the melting point 


Ym.p. = 4. exp (H,/R. Typ), 


where the symbols have been defined previously. 
lo illustrate how these procedures can be used to arrive at an estimated viscosity 
value we take the specific example of liquid uranium, plutonium and thorium, since no 


experimental data are available on their viscosities. 
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the stable modification of the element at high temperatures, is body- 
3-48 A at 785°C." This corresponds to 


th a space lattice constant 
at 785°C. At the melting point of U, 1133 ac of 

the solid 18-39 g/cm’, based on a linear coefficient of 

10-° °K. Assuming, as is true for a number of metals, a 


2-5 per cent, the density of /iguid uranium, at the 


if 


17-92 g/cm®, or have V, -28 cm?/g atom 


> 
4 


> melting point (see p. 333) applies to uranium, since 


is to the value: 
238-07 . 1406) 
5-86 lO-* poise 
eat 1406 K. 


oy. H. for a metal melting at 1406°K., from I 


viscosity of liquid uranium, 7; 


a. exp (4300/RT). 


a . exp (4300/1-99 . 1406) 


10 > poise 


equation 


*. EXp (4300 RT) poises. 
temperature modification, at 500°C., is body-centred 
for thorium. Thus the ANDRADE relationship (see 


ne ame 1S rue 


) applies to both metals 


PHYSICAL CONSTANTS OF LIQUID URANIUM, PLUTONIUM AND THORIUM 


H, 
(cal/g atom), (centipoise) 
from Fig. 2 at m.p at 2000°K 


Vial 


g atom) 


4300 
3200 
5300 
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The Che mist? of Actinide Ele ment J icy, New y ork (1957) 


iC. C. Herrick, Report LA-2358 (1959); in contrast to most other 
Wiley, New Y ork 
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Using the same procedure as for uranium and from the data given in Table 2, the 
simple ANDRADE equation for plutonium is: 
Npy = 7:72 X 10. exp (3200/RT) poise 
and for thorium: 


13-46 x 10°%. exp (5300/RT) poise 


ii 


Thus it is expected that the viscosity of plutonium at 2000°K. 1-72 centipoise 


(see Table 2) is slightly less than that of water atO°C. (» 1-79 centipoise. ) 
piu) } 





